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1 Introduction

1.1 Motivation

Most practical wall-bounded turbulent flows of interest, like flows over turbine blades, through
heat exchangers, and over aircraft and ship hulls, are influenced by surface-roughness effects. In
some applications, surface defects can be small on an absolute scale but can still be aerodynam-
ically important if they are large relative to the viscous length scale of the turbulence (at high
Reynolds number (Re), for example). In many other cases, however, the surface conditions in prac-
tical wall-bounded flows can degrade over time, from hydraulically smooth prior to deployment to
significantly roughened over time due to harsh operating conditions. Examples of such conditions
include cumulative damage to turbine blades (Bons, 2002), cumulative algae/barnacle buildup on
the surfaces of submarines and ships (Karlsson, 1980) and surface erosion observed on the blades
of windmills operating near the sea. In most cases surface roughness significantly increases the
wall shear stress and can augment heat and mass transfer at the wall, resulting in an increase in
the thermal loading of a system. This latter effect can severely reduce the lifetime of vital parts
of many practical engineering systems (like turbine blades). Therefore, a clear understanding of
the impact of surface roughness on wall-bounded turbulent flow is imperative for successful modeling
and control of these flows to improve both the efficiency and lifetime of a variety of vital engineering
systems.

Rough-wall turbulence has received intense research attention over the last several decades.
The review articles of Raupach et al. (1991) and Jimenez (2004), for example, provide thorough
summaries of the knowledge gleaned from this research. Unfortunately, nearly all of these studies
involved the use of only one roughness scale (sand grain, ordered arrays of elements, wire mesh,
etc.) to study the impact of non-ideal surface conditions on wall-bounded turbulence (such idealized
roughness conditions will be hereon referred to as "simulated roughness"). However, in the case
of turbine blades, surface defects are attributable to multiple damage mechanisms, like deposition
of foreign materials, pitting and spallation, that render the surface conditions highly non-uniform
(Bons, 2002). As such, a single roughness type and scale cannot be expected to be a sufficient
representation of real roughness. Therefore, successful modeling and control of practical engineering
flows, both before operation and throughout the lifetime of a flow system, requires documentation
of the influence of roughened surfaces, particularly highly-irregular roughness, on the underlying
character of the flow. The present effort is meant to contribute in this regard.
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1.2 Background

1.2.1 Classical rough-wall boundary layer theory

One of the most well-known effects of surface roughness on wall turbulence is to shift the logarithmic
region of the mean velocity profile downwards by an amount of AU+, the roughness function, and to
shift the origin of the mean profile by some distance yo*. The superscript "+" denotes normalization
by the friction velocity, u, = V1 P and the kinematic viscosity of the fluid, v (ru is the wall shear
stress and p is the fluid density). Therefore, the mean velocity profile in the overlap region can be
expressed as

U+ =1ln(y - y.) + +- A - AU + , (1

where K and A are the von Karman and integration constants, respectively. Note that upper-case
variables will represent mean quantities while primed quantities, (-)', will represent fluctuations
about the mean throughout. By assuming a universal log-region velocity defect of

+ - V + = f(*U/u,-), (2)

where Ue is the freestream velocity and * is the displacement thickness, Hama (1954) found that
the roughness function is directly related to the local skin-friction coefficient, cf r/(1pU,2), over
smooth and rough walls as

AU+ ( )moth -( )rough, (3)

However, the notion of a universal velocity defect law for arbitrary roughness has been questioned
by several recent studies (Shafi & Antonia, 1997; Krogstad & Antonia, 1999; Keirsbulck et al., 2002;
Tachie et al., 2000, 2003; Poggi et al., 2003; Bhaganagar et al., 2004).

A fundamentally-important issue in rough-wall turbulence is accurate determination of the wall
shear stress (or equivalently the friction velocity, u,). Direct measurement of Tw over rough surfaces
is quite difficult and can be very inaccurate, so various indirect measures of u, from the measured
mean velocity or Reynolds shear stress profiles have been proposed in the literature. These methods
include the modified "Clauser chart" method, the velocity profile matching method by Krogstad
et al. (1992) and the constant stress method. The modified Clauser chart method involves fitting
the measured mean velocity profile in the logarithmic layer to Eq. (1) which yields estimates of uT,

Yo and AU + . In contrast, the profile matching method of Krogstad et al. (1992) fits the measured
mean velocity profile to both the log law [Eq.. (1)] as well as a wake function near the boundary-
layer edge as a means of inferring u, yo and AU+. Alternatively, one can assess u, independently
from the measured Reynolds shear stress, (u'v'), profiles. This method relies upon the existence
of nearly constant (u/v0} at the outer edge of the log layer. If one considers the mean momentum
equation for a turbulent boundary layer given by

U+ U + +V + au+ +(u'+v' + ) _ 
2U+

1X+ 4y +  0Y+ (4)

and invokes standard boundary-layer approximations, one observes that the first two terms on
the left-hand-side of Eq. (4) are small compared to the Reynolds stress and viscous terms in the

'Throughout this report, 2, y and z will refer to the streamwise, wall-normal and spanwise directions, respectively,
while u. v and ?v will represent the velocity components in these directions.
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near-wall region. Therefore, close to the wall the mean momentum equation reduces to a balance
between the net turbulent and viscous forces as

a(u'+v'+) + (2U5
ay+ 6Oy+2

Applying the boundary condition OU+/Oy4 +=o = 1, the above equation can be integrated with
respect to y to obtain

aU+-(u'+v'+) + --= 1, (6)

or in dimensional form 2 'ou - ( u''T (7)

In the log layer and beyond, the viscous stress [first term on the right-hand-side of Eq. (7)] is now
negligible compared to turbulent stress (second term), meaning one can use the measured Reynolds
shear stress to estimate u,. Smalley et al. (2001) observed that over most surfaces at relatively
high Re, a plateau of Reynolds stress exists at y/5 ; 0.2. This method has been extensively used
in rough-wall boundary layer studies (Mulhearn & Finnigan, 1978; Raupach et al., 1980; Raupach,
1981; Raupach et al., 1986; Weber, 1999, for example). Once ur is assessed in this manner, Yo and
AU+can be determined by fitting the measured mean velocity profile in the log layer to Eq. (1).

Nikuradse (1933) performed the first in-depth studies of rough-wall flow by uniformly gluing
sand grains to the inner surface of a circular pipe. The grains were carefully filtered to maximize
the size uniformity of the sand grains. Nikuradse (1933) found that the mean velocity profile in
the log layer was given by

U+ ln(y/k,) + 8.5, (8)

where k, is termed the equivalent sand-grain roughness height (in the case of Nikuradse's exper-
iments, it simply represents the mean size of the sand grains). Comparing Eqs. (8) and (1), the
sand-grain size, k,, can be directly related to the roughness function, AU + , as

AU + =1n(k+) + A - 8.5. (9)

This relationship between AU + and k, is important because it allows one to relate the effects of
non-sand-grain roughness with roughness height k to the original experiments of Nikuradse (1933)
through an equivalent sand grain height k. That is, k, is the equivalent sand-grain height that
yields the same AU + as a non-sand-grain roughness with height k.

If k, is proportional to k (as is the case for most rough surfaces), then the roughness of interest
is termed "k-type". In this context, the roughness function can be expressed as a function of the
roughness Reynolds number, k+ - ku /, as

AU + = 1 ln(k+) + C, (10)

where C is a roughness-dependent constant. If, however, k, is not proportional to k but rather to
the outer length scale of the flow (like the pipe diameter d or the boundary-layer thickness 6), the
roughness is termed "d-type". In such cases, AU+ can be expressed as

AU +  ln(d+) + G, (11)

where the additive constant G depends on the character of the roughness. The distinction between
"k-type" and "d-type" roughness was first made by Perry et al. (1969). Finally, while k+ (or k+ )
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represents a measure of the roughness height relative to the viscous length scale, the blockage ratio,
61/k (where 6 is the outer length scale of the flow), represents a measure of the direct effects of
surface roughness on the log and outer layers of the flow as proposed by Jimenez (2004).

Finally, flow over a given surface is generally classified into three regimes with regard to rough-
ness effects: hydraulically smooth, transitionally rough and fully rough. It is generally accepted
that a surface is hydrodynamically smooth if k+ < 4 - 5. In such cases, the roughness is entirely
submerged in the viscous sublayer and the roughness function effectively vanishes. However, Brad-
shaw (2000) recently argued that the drag on the surfaces of sparse roughness elements is actually
proportional to k2 , meaning that a "critical roughness height" is not likely to exist. The flow is
termed transitionally rough in the range 5 < k+ < 60 - 70. In this flow regime, the roughness
function is found to be strongly dependent on the roughness character. Finally, for k+ > 70, the
flow regime is referred to as fully rough and the roughness function is assumed to be universal. In
this regime, the drag on the roughness elements is dominant compared with viscous contribution
to the skin friction.

1.2.2 Wall similarity

As noted earlier, there is intense debate regarding the existence of a universal velocity defect law
over arbitrary roughness. The possible existence of such a universal law is certainly consistent
with the Reynolds-number similarity hypothesis offered by Townsend (1976) which proposes that
turbulence far from the wall is unaffected by the surface conditions at high Re. In the context of
rough-wall turbulence, Raupach et al. (1991) summarized this hypothesis, also referred to as wall
similarity, as

"Outside the roughness (or viscous) sublayer, the turbulent motions in a boundary layer
at high Re are independent of the wall roughness and the viscosity, except for the role
of the wall in setting the velocity scale u,, the height Z = z - d and the boundary-layer
thickness 6. "

The roughness sublayer is defined as a layer that is dynamically influenced by length scales associ-
ated with the roughness elements and occupies 3-5 roughness heights from the wall. Alternatively,
since u, - V/TIp, the wall-similarity hypothesis equivalently states that the roughness sets the
drag at the surface and the turbulence above the wall adjusts itself such that it remains universal
when scaled appropriately by u,.

The validity of wall similarity over arbitrary roughness is still an open question. Some studies
support this hypothesis while others directly question its validity. These studies have been per-
formed in various facilities (including wind or water tunnels, open channel flumes and turbulent
channels) and have considered a wide range of roughness types and scales in terms of both k+

and 6/k. A summary of these studies is given in tables 1 and 2 which detail the flow parameters
of studies that support and violate wall similarity, respectively. It should be noted that Jimenez
(2004) proposed 6/k > 40 as a requirement for wall similarity to be valid. Motivation for defining a
threshold for wall similarity based on 6/k comes from the fact that this ratio represents a measure
of the scale separation between the outer length scale of the flow and the characteristic length scale
of the roughness. That is, the larger the value of 6/k the wider the physical separation between the
roughness sublayer and the outer-layer turbulence. Note that there still exists some debate regard-
ing whether the geometric scale of the roughness, k, or the equivalent sandgrain scale, k8 , is more
representative of the extent of the roughness sublayer. In this regard, Flack et al. (2005) suggests
that 6/k, > 40 is a more suitable threshold than 6/k > 40 for the existence of wall similarity.
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Table 1: Past studies that observe wall-similarity.
Studies Flow Roughness k+  k+  6/k 61k,

Raupach (1981) BL Cylinder 337-427 - 19-129 -

Ligrani & Moffat (1986) BL Spheres 22-63 - - -

Bandyopadhyay & Watson (1988) BL 21) grooves 15-18 - 60
Flack et al. (2005) BL Sandpaper 134 100 '16.2 62.5

Woven mesh 64 138 97.2 45.5

Schultz & Flack (2003) BL Sandpaper 7.6-32 7-126 32.5-120 175-232

Schultz & Flack (2005) BL Spheres 35-182 -- 30-34 -

Grass (1971) BL Sand 21 21 24 24

Pebbles 85 -- 6.5

Krogstad et al. (2005) TC 2D grooves 13.6-20.4 63-121 30 5--6

Bakken et al. (2005) TC 2D grooves 20-200 60-1560 30 6-10

Woven mesh 15-187 30-617 33 9-15

Allen et al. (2007) TP honed surface 0.06-14.8 0.17-44.4 51500 17000
BL: Boundary Layer: TC: TRirbulent Channel; TP: Turbulent Pipe

Studies that support wall-similarity

Grass (1971) performed roughness studies in an open water channel at Re = DUb/v = 7000,
where D is the channel depth and Ub bulk (average) velocity. The surfaces considered included
marine plywood (hydraulically smooth), sandgrain (transitionally rough; k+ = 21, D/k = 24)

and pebbles (fully rough; k+ = 85, Dlk = 6.5). Grass (1971) found that the streamwise and
wall-normal turbulence intensities, a and o,, are independent of roughness conditions when scaled

by u, for y/D > 0.2. However, immediately adjacent to the bed, a, decreased and a increased
with increasing roughness height. Grass (1971) also observed extremely violent entrainment over
the rough surfaces with ejected fluid rising almost vertically from between the interstices of the
roughness elements. Raupach (1981) studied the effect of cylindrical roughness elements on the
Reynolds stress in turbulent boundary layers at Reo - UeO/lv = 10,000 - 15,000, where 0 is
the momentum thickness of the boundary layer. The cylinders were arranged in either square or
diamond arrays with k + = 337 - 427 and 6/k = 19 - 125. It was observed that the second and

third moments of the velocity fluctuations were universal for y > 0.156. Additionally, quadrant
analysis revealed that the fractional difference between stress contributions by sweeps and ejections,
A0 = S4 ,0 - S2,0, is independent of surface roughness for y > 0.26. Raupach (1981) determined the
friction velocity using the constant stress method.

Ligrani & Moffat (1986) studied structural characteristics of both transitionally and fully rough
turbulent boundary layers over uniform spherical roughness elements over the range 6300 < Re0 <
19000 (k+ = 22 - 63). It was observed that u, is the universal normalizing parameter in the outer
layer for ou2 and q2 , the turbulent kinetic energy, in the fully rough regime. However, the free-stream
velocity was found to be more appropriate for collapse of or2 and o2 when k+ > 34. The local skin
friction coefficients were determined from the Reynolds shear stress profiles and mean velocities
in the near-wall region. Bandyopadhyay & Watson (1988) investigated turbulent boundary layers
over both k- and d-type two-dimensional transversely grooved rough surfaces at Re0 = 2100- 2900.
It was observed that the ratio between the Reynolds shear stress and the turbulent kinetic energy
is nearly constant between 0.1 < y/6 < 0.8 for all surfaces. The modified Clauser chart method
was used to obtain u, for flow over the rough walls.
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Schultz & Flack (2003) performed measurements in a water tunnel for flow over sanded surfaces
for Reo = 3000 - 16000. They found that the mean velocity profiles collapsed well in defect form
for all surface conditions. In addition, the Reynolds normal and shear stress profiles normalized by
u, showed good agreement within their experimental uncertainties in the overlap and outer layers.
The skin-friction coefficients for the rough-wall experiments were determined from the modified
Clauser chart method and verified by the total stress method. Flack et al. (2005) pursued a
follow-up investigation in which they studied turbulent boundary layers over sandgrain and woven
mesh at Reo = 14120. They chose the roughness characteristics of both surfaces to simultaneously
satisfy k+ > 100 (fully rough) and 6/k, > 40 (presumably satisfying wall similarity). Reynolds
stress and quadrant analysis results over the rough walls collapsed on the smooth-wall results
for y > 3k,. Furthermore, differences of velocity triple products and higher moment turbulence
statistics between rough and smooth walls were only observed for y < 5k,. In this context, this
effort showed that k, may be a more appropriate measure of the relative roughness height in the
context of wall similarity.

Finally, Krogstad et al. (2005) investigated fully-developed turbulent channel flow wherein the
top and bottom walls were roughened by transverse square rods at Re, = u,b/v = 600. Wall
similarity was observed in the Reynolds stresses, stress ratios and the anisotropy tensor outside
the roughness sublayer (y > 5k) and the authors argued that wall similarity is highly dependent
on the flow of interest. Finally, Bakken et al. (2005) studied turbulent channel flows over both
two-dimensional (2D) rods and three-dimensional (3D) mesh for Re, = 360 - 6000. Reynolds
stresses and third-order moments were found to be unaffected by the surface conditions for y > 5k.
Satisfactory collapse with ReT was also demonstrated outside the roughness sublayer when uT was
used for normalization.

Studies that do not observe wall similarity

Krogstad et al. (1992) studied the outer-layer effects of wire-mesh roughness in a turbulent
boundary layer at Ree = 12800 with k+ = 143 and 6/k = 48. The wake strength of the rough-wall
outer layer was found to be larger than for flow over a smooth wall. In addition, a significant increase
in the wall-normal turbulence intensity together with a moderate increase in the Reynolds shear
stress was observed over the roughness compared with flow over a smooth wall. In contrast, the
longitudinal turbulence intensities for both surfaces were essentially the same. However, quadrant
analysis revealed that Reynolds shear stress contributions from Q2 and Q4 events were enhanced
by the roughness. It should be noted that Krogstad et al. (1992) proposed a new method for
evaluating u, from the mean velocity that involves curve-fitting the wake portion of the profile. In
a follow-up study, Krogstad & Antonia (1999) investigated the effects of two types of roughness,
woven mesh and lateral rods, on a turbulent boundary layer for Reo = 4800 - 13000. The two
rough surfaces were designed to yield the same roughness function, AU+. It was observed that the
roughness effects on the Reynolds stresses were not confined to the wall region. In addition, the
turbulent energy production and diffusion were found to be significantly different between the two
roughness conditions.

Shafi & Antonia (1997) studied the spanwise and wall-normal vorticity fluctuations and their
constituent velocity derivative fluctuations in a turbulent boundary layer over a wire mesh surface
at Reo = 8000 with k+ = 54 and 6/k = 60. It was observed that over most of the outer layer, the
normalized magnitudes of the velocity derivative variances differed significantly from those over a
smooth wall. Furthermore, the vorticity variances were found to be slightly larger than those over a
smooth wall. Shafi & Antonia (1997) used the velocity profile matching method of Krogstad et al.
(1992) to determine u,.
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Table 2: Studies that do not observe wall similarity.
Studies Flow Roughness Type k+  k+  6/k 6/ks

Keirsbulck et al. (2002) BL 2D grooves 150 530 26.3 7.5
Krogstad & Antonia (1999) BL Woven mesh 143 458 48 15

2D grooves 143 458 47 8
Krogstad et al. (1992) BL Woven mesh 143 458 48 15

Shafi & Antonia (1997) BL Woven mesh 54 - 58.4 -
Tachie et al. (2003) BL Sand 33 33 31 31

Mesh 17 - 63 -

Tachie et al. (2000) BL Sand 25-35 25-35 21--29 21-29
Mesh 17-25 - 67-75 -

Bhaganagar et al. (2004) TC Egg carton 5.4-21.6 10-48 18.5-74 8-40
BL: Boundary Laver; TC: Turbulent Chanel; TP: Turbulent

Tachie et al. (2000) investigated the effect of roughness on the structure of turbulent boundary
layers in open channels for Re0 = 1400 - 4000. The roughness studied included a perforated
surface, sandgrain and woven mesh with k+ = 17 - 35. They found that the wake parameter
varied significantly with the type of surface roughness. Additionally, the roughness increased the
turbulence levels in the outer region of the boundary layer. More recently, Tachie et al. (2003)
made measurements in a open channel over both sandgrain and woven mesh for Re0 = 1900 - 2600
and k+ = 17 - 33. The surface roughness was observed to increase the wake parameter and to
enhance the turbulence intensities, Reynolds shear stress and triple correlations over most of the
boundary layer. However, the stress anisotropy was found to be decreased by roughness. It should
be noted that both studies utilized the velocity profile matching method of Krogstad et al. (1992)
to determine u,.

Keirsbulck et al. (2002) studied the structure of a turbulent boundary layer over fully rough
k-type two-dimensional square bars at Re0 = 8500. Similar to the studies of Tachie et al. (2000),
it was observed that the magnitude of the wake strength is increased by the roughness. In the
near-wall region, the contribution to the Reynolds shear stress fraction and the diffusion factors
were found to depend on the wall roughness conditions. In addition, the wall-normal velocity
component appeared to be more sensitive to the roughness effects. As with the previous studies,
u, was determined using the velocity profile matching method described in Krogstad et al. (1992).

Finally, Bhaganagar et al. (2004) performed a direct numerical simulation (DNS) of turbulent
channel flow between a smooth wall and a wall covered with regular three-dimensional "egg carton"
roughness elements at Re, = 400 at k+ =5.4, 10.8 and 21.6. It was observed that when normalized
by the local uT, the u and w fluctuations were smaller while the v fluctuation was higher in the
inner layer for the rough-wall side. However, all three velocity fluctuations were a smaller fraction
of uT on the rough-wall side in the outer layer. On the other hand, the vorticity fluctuations were
not significantly altered by roughness in the outer layer.

Based on the evidence discussed above and summarized in Tables 1 and 2, for efforts questioning
wall similarity based on studies of zero-pressure-gradient boundary layers each had low 6/k, values
(<15). As noted by Flack et al. (2005), these extremely low 6/k 8 values can be interpreted as
relatively weak scale separation between the outer layer of the flow and the roughness which is
directly counter to the essence of the wall similarity hypothesis. In channel flows, where the flow is
constrained by opposing boundaries, the above-cited studies indicate that wall similarity will only
exist if both surfaces are rough.



1.2.3 Impact of roughness on turbulence structure

While the previous section indicates the possibility of similarity in the outer-layer statistics of
rough-wall turbulence to its smooth-wall counterpart, this similarity does not imply that a struc-
tural similarity between these flows also exists. This section is dedicated to reviewing previous
studies regarding the impact of roughness on the structural foundation of wall turbulence. How-
ever, as a basis for this discussion, the body of knowledge regarding the underlying structure of
smooth-wall turbulence is summarized first.

Structure of smooth-wall turbulence

The results of many recent experimental and computational studies suggest that smooth-wall
turbulence is populated by hairpin vortices that tend to streamwise-align into larger-scale coherent
groups termed vortex packets both in the near-wall region as well as the outer layer. The phrase
"hairpin vortex" is used herein to describe both symmetric and asymmetric hairpin-, lambda- and
arch-like structures that are composed of either one or two streamwise-oriented legs connected to
a spanwise-oriented head whose rotation is of the same sense as the mean shear. These structures
are qualitatively consistent with the horseshoe vortex first proposed by Theodorsen (1952).

At low Re, Smith (1984) reported the existence of hairpin vortices and suggested an organized
alignment of these structures in the streamwise direction. Smith et al. (1991) later showed that
hairpin vortices can regenerate from an existing vortex. Similar organization and regeneration was
noted by Zhou et al. (1999) who studied the evolution of an initial hairpin-like structure in the mean
turbulent field of a low-Re channel via direct numerical simulation (DNS). Given sufficient strength
of the initial structure, multiple hairpin vortices were spawned both upstream and downstream of
the initial structure, creating a coherent train of vortices. The legs of vortices residing in the log
layer were commonly observed to extend below y+ = y/y. = 60 (y. is the viscous length scale),
consistent with the near-wall quasi-streamwise vortex observations of Brooke & Hanratty (1992)
and Schoppa & Hussain (2000), among others. Zhou et al. (1999) also observed a preference for
asymmetric hairpins, with one leg often stronger than the other. The stereoscopic visualizations of
Delo et al. (2004) complement these efforts by providing three-dimensional views of this organization
at low Re. Their results highlight the contorted nature of the vortices that agglomerate to form
larger-scale structures and further support the coupling between ejections of low-speed fluid away
from the wall and the passage of large-scale motions.

Head & Bandyopadhyay (1981) observed ramp-like patterns at the outermost edge of a turbu-
lent boundary layer at higher Re and proposed these patterns to be the imprint of groups of hairpin
vortices inclined away from the wall. More recent particle-image velocimetry (PIV) measurements
at moderate Re in a turbulent boundary layer by Adrian et al. (2000) provide evidence that hair-
pin structures occur throughout the outer layer and streamwise-align to create larger-scale vortex
packets. The PIV data permitted visualization of this organization in the streamwise-wall-normal
plane within the interior of the boundary layer, showing that packets occur throughout the outer
region in a hierarchy of scales. This scale hierarchy is consistent with the mechanisms proposed
by Perry & Chong (1982), and Tomkins & Adrian (2003) provide direct evidence of spanwise scale
growth via merging on an eddy-by-eddy basis up to y+ = 100 and propose scenarios by which this
scale growth might manifest itself for y+ > 100. In addition, the efforts of Liu et al. (2001) and
Ganapathisubramani et al. (2003) underscore the important role these large-scale motions play in
log-layer transport processes.

When sliced in the streamwise-wall-normal plane, the heads of hairpin vortices appear as span-
wise vortex cores with w, < 0, where w, is the fluctuating spanwise vorticity (Spanwise vortices
for which w, < 0 are hereafter termed 'prograde' since their rotation is in the same sense as the
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mean shear). The streamwise-aligned heads of hairpins within a packet form an interface slightly
inclined away from the wall, beneath which there exists a large-scale region of streamwise momen-
tum deficit collectively induced by the vortices. Of particular importance, this collective induction
generates large-scale ejections of low-speed fluid away from the wall which contribute significantly
to the Reynolds shear stress. Recent work by Wu & Christensen (2006a) found that the largest
populations of prograde spanwise vortices, most of which bear spatial signatures consistent with
hairpin heads, occur in the region y < 0.36. However, significant numbers of retrograde spanwise
vortices, positive w. cores, were also observed, with their largest populations noted at the outer
edge of the log layer. Observations of retrograde spanwise vortices have been reported by Falco
(1977), Falco (1983) and Falco (1991), among others, and their occurrence spatially-coincident to
prograde spanwise vortices in the outer layer of wall turbulence is often interpreted as the imprint
of ring-like structures. More recently, Klewicki & Hirschi (2004) reported observations of hairpin
vortices and retrograde structures clustered in the neighborhood of intense near-wall shear layers,
with the influence of retrograde structures increasing with Reynolds number. Finally, Natrajan
et al. (2007) performed a detailed investigation of the spatial signatures of outer-layer retrograde
spanwise vortices, particularly their propensity to occur spatially-coincident with prograde cores,
and reported that such patterns are also consistent with slicing through omega-shaped hairpin
structures. It should be noted that the existence of ring-like vortices is not inconsistent with the
hairpin-vortex model as the origin of ring-like structures in wall turbulence has been related to the
pinch-off and reconnection of the legs of existing hairpin structures (Moin et al., 1986; Smith et al.,
1991; Bake et al., 2002, for example).

When sliced in the streamwise-spanwise plane within the log layer, hairpin packets appear as
elongated regions of streamwise momentum deficit (low momentum regions) bounded on either side
by wall-normal vortex cores roughly aligned in the streamwise direction. Tomkins & Adrian (2003)
and Ganapathisubramani et al. (2003) interpreted these wall-normal vortex cores as slices through
the inclined legs/arches of the hairpin structures and reported that many of these cores occur in
isolation. This observation is counter to the expectation of spanwise-separated vortex pairs when
slicing through symmetric hairpin structures, supporting previous observations of a preference to-
ward asymmetric structures (Zhou et al., 1999). Most recently, Hutchins & Marusic (2007) found
that these log-layer low-momentum regions often identified in J-scale PIV realizations actually ex-
tend significantly longer (10 - 20J) in the streamwise direction and often meander significantly in
the spanwise direction of the flow. Previous studies have shown scales of this streamwise extent to
be quite energetic (can contain half of the turbulent kinetic energy) and accountable for a majority
of the Reynolds shear stress within the logarithmic region (Kim & Adrian, 1999; Guala et al., 2006).

Roughness effects in the near-wall region

The effects of roughness on the structure of the near-wall region (i.e., the roughness sublayer)
has been studied extensively both experimentally and computationally. Perry et al. (1969) used flow
visualization to discover that the eddy structures are qualitatively different for flow over "k-type"
versus "d-type" grooves. For "d-type" roughness, since the groove elements were approximately
square, a stable eddy was maintained inside the grooves and shedding from the elements was
found to be negligible. However, for "k-type" roughness the eddies were observed to re-attach
before encountering the next element, resulting in the shedding of eddies above the roughness. The
structures generated in this manner had length scales proportional to the roughness height "k"
and were found to blend into the outer flow farther away from the roughness. Subsequent flow
visualization studies of individual grooves by Liou et al. (1990) and Djenidi et al. (1994) provide
additional evidence supporting these observations.
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The rough-wall study of Grass (1971) in a free-surface channel flow using hydrogen bubbles
clearly identified the differences of near-wall ejection and inrush (sweep) events between smooth
and rough walls (sand and rounded pebbles). While both ejection and inrush events were commonly
observed under both smooth and rough conditions, the former were found to be extremely violent
over rough walls. Furthermore, the long streamwise vortices which were readily apparent close to
the smooth wall were much less apparent in the case of roughness.

Bandyopadhyay & Watson (1988) presented different models of vortices for flow over two- and
three-dimensional roughness, particularly with respect to the effect of the spanwise aspect ratio
of the roughness on turbulent boundary layers. The authors argued that in the near-wall region
of flows over a smooth wall and 2D roughness, the shear stress is transported outward and this
effect can be attributed to the presence of hairpin vortices alone. In contrast, for flows over 3D
roughness, the shear stress is often transported inward toward the wall-an effect that cannot be
explained by hairpin vortices alone. As such, the authors postulate the presence of additional
necklace vortices that remain parallel to the surface and straddle over the roughness elements as
the driving mechanism behind this outward transport of shear stress.

As a follow-up to their earlier rough-wall studies, Grass et al. (1993) employed three-dimensional
hydrogen bubble visualization to measure three-dimensional velocity fields in the vicinity of k-type
spanwise stripes in open channel flow. The 3D vortex lines computed from the velocity information
revealed the vortical structures over this rough wall to be horseshoe-like, consistent with smooth-
wall boundary layers. These horseshoe vortices were found to exist between the wall and the
flow surface and they contributed significantly to the Reynolds shear stress. These observations
provides experimental support for the structural model of Bandyopadhyay & Watson (1988) for 2D
roughness.

Grass et al. (1993) performed a second experiment for flow over closely-packed spheres with
surface conditions ranging from smooth to fully rough. Flow visualizations indicated that the
rough-wall flow was able to re-order itself in relatively close wall-normal proximity to the roughness

elements. In particular, in the immediate vicinity of the roughness, the motion of the hydrogen
bubbles indicated highly disturbed flow induced by the roughness, in stark contrast to the well-
ordered near-wall streaks commonly observed for smooth-wall flow. However, slightly further above
this roughness-dominated region, the visualization traces indicated the reappearance of coherent
streaks with a spanwise spacing that scaled with the characteristic roughness height (k).

Pearson et al. (1998) studied the effect of a short strip of sandpaper on the structure of a
low-Re turbulent boundary layer. Flow visualization revealed that the streaks generated by quasi-
streamwise vortices were broken when the flow encountered the roughness strip but reappeared
following passage over the strip. In addition, the streamwise extent of the two-point streamwise
velocity correlation coefficient, p,,,, decreased significantly over the roughness strip while its span-
wise extent increased. Although the overall shape of Puv was unaffected compared to smooth-wall
flow, its streamwise extent was also decreased by the short strip of roughness.

Djenidi et al. (1999) studied the near-wall structure of a turbulent boundary layer over d-type
transverse square cavities using laser-induced fluorescence (LIF) in a streamwise-spanwise plane
positioned 6y. above the roughness crests at Reo = 1100. Low-speed streaks similar to smooth-wall
flow were observed over this rough surface. In addition, three other characteristic events were also
observed in the vicinity of the surface at a fixed spanwise position: outflows from the cavities,
inflows into the cavities, and skimming of the overlying flow over the cavities. Interestingly, the
streaks did not appear to be disturbed by the outflows, likely because the outflow was either not
strong enough or the length scale of outflow was significantly smaller than that of the streaks.
Further investigation led the authors to conclude that the outflows were actually triggered by
the pressure fluctuations generated by quasi-streamwise vortices. Additionally, the outflows were
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found to alternate with inflows along the span of the cavities, which could be explained by the
alternating low-speed and high-speed streaks formed by quasi-streamwise vortices. Finally, this
study postulated that the mechanism for sustaining turbulence over d-type roughness is closely
related to vorticity generation in a manner similar to smooth-wall flow.

Ligrani et al. (2001) used flow visualization to study the structure of channel flow with dimples
on the bottom wall at Reynolds numbers (based on channel height, H) from 600 to 11,000 for
various ratios of channel height to dimple diameter HID. They found that a primary vortex pair
was shed periodically from the center region of each dimple followed by inflow into the dimple cavity.
It was also found that with decreasing H/D, the strength of the primary vortex pair increased and
two additional secondary vortex pairs, formed near the edge of the dimples, became stronger and
larger. These primary and secondary vortex pairs were found to be closely related to enhancement
of Reynolds normal stresses.

Nakagawa & Hanratty (2003) studied the flow patterns of turbulent channel flow with a wavy
bottom wall whose equivalent sand roughness height ranged from 7 to 104. The flow was visualized
by injecting dye or a surfactant-polymer mixture at the trough and crest of the wavy wall. It
was observed that the dye injected at the top of the crest in a fully rough flow dissipated rapidly,
indicative of intense turbulent motions. In contrast, the dye injected at the crest for intermediate
roughness formed a recirculation region whose position varied in time. Finally, the dye injected

from the crest in the hydraulically smooth flow did not show any recirculation region. With respect
to polymer injection, fully-rough flow was capable of expelling polymer a large distance away from
the wall due to ejections originating in the trough regions.

The effects of roughness on the near-wall structure of turbulence has also been studied exten-
sively via computations. Orlandi et al. (2003) performed a direct numerical simulation (DNS) of
turbulent channel flow with wall velocity disturbances and observed a reduction in drag when a
non-zero streamwise velocity fluctuation, u', is applied. In contrast, channel flow with a non-zero

spanwise velocity fluctuation, w', was found to be similar to undisturbed channel flow. Of particular
interest, the authors found that applying a non-zero wall-normal velocity fluctuation, v', yielded
structural changes similar to those observed over a rough surface. For example, at y+=15, the
two-point velocity correlations indicated that the streamwise length of the streaks was reduced for
both v' and w' disturbances. In the spanwise direction, velocity correlations with v' perturbation
were found to lack well-defined minima as in the undisturbed case, indicating that the high- and
low-speed streaks were less discernable in the vicinity of the roughness. Contours of streamwise
velocity in the streamwise-spanwise plane confirmed these inferences.

Cui et al. (2003) provided a detailed description of the instantaneous turbulent structure of
channel flow with one wall roughened with k-type rib roughness using large-eddy simulation (LES)
at a Reynolds number (based on the bulk velocity and half-channel height) of 10,000 and k+ = 1891.
Frequent spanwise motions were observed in front of the base of the ribs due to the blockage effect
of the roughness. Just above the crest of the ribs, the streamwise velocity was higher and there
were few spanwise motions although weak separation zones were still observed beyond the cavities
between the ribs. At y/H = 0.25, reversed flow vanished but stronger flow fields were still found
to be concentrated above the ribs. Above the channel's center, the velocities correlated little with
the rib positions. In the streamwise-wall-normal plane, multiple separation regions of differing size
and strength were observed both in front of and behind the ribs. Inflows into the cavities and
outflows that brought low-momentum fluid into the outer region were found to be generated by
the circulation created by the above-mentioned separation regions. In the spanwise-wall-normal
planes, strong quasi-streamwise vortices were noted directly above the roughness crests.

The structure of turbulent channel flow over regular three-dimensional roughness elements
("egg-carton") on one wall was investigated by Bhaganagar et al. (2004) by DNS at Re,=400 and
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k'=48. When the separation in the spanwise direction was normalized by the channel half height,
streamwise and wall-normal velocity correlation coefficients (Puu and Pvv) computed in streamwise-
spanwise planes positioned at y+ = 30 and 80 showed little difference. This result indicated that
neither the average streak spacing nor the diameter of the streamwise vortices was affected by this
particular surface roughness in outer units. However, when the separation distance was normalized
in inner units, the rough-wall correlations at y+ = 30 revealed that the streak spacing increased
to 140y. (compared to 100y. for smooth-wall flow) and the average diameter of the streamwise
vortices increase to 45y. (compared to 30y. for smooth-wall flow). The streamwise extents of these
structures were also studied using Pu,, and Pm, in the streamwise direction. The length of the streaks
was found to be decreased by the roughness in outer units but remained relatively unchanged in
inner units. Contours of streamwise velocity at y+=5 supported these observations. Finally, the
authors surmised that the self-sustaining mechanism of near-wall turbulence for the rough-wall case
is still due to the linear coupling term between the wall-normal velocity and wall-normal vorticity
as is true in smooth-wall flow.

Ashrafian et at. (2004) also performed a DNS of rough-wall turbulent channel flow, but at
Re,=400 with both walls roughened by k-type 2D square rods (the flow was transitionally rough
with k+ = 13.6). This simulation revealed elongated low-speed streaks similar to those in smooth-
wall channel flows at y+ = 20. Three-dimensional vortical structures were extracted from the
background turbulence and were found to be more complex in the near-wall region compared to
the quasi-streamwise vortices commonly observed in smooth-wall flow. In particular, incoherent
spanwise vortices were observed to be shed from the crests of the rods, generating a highly three-
dimensional flow in the vicinity of the roughness elements. Nevertheless, low-speed streaks still
persisted in the presence of this highly-perturbed environment.

Finally, Sen et al. (2007) applied snapshot POD to a DNS of channel flow with 3D egg-carton
roughness elements at Re, = 180. Their one-dimensional analysis revealed a slower convergence of
the POD energy for rough-wall flow due to a larger range of dynamically-important length scales.
In addition, they used the first few POD modes to reconstruct the Reynolds stresses and found
that the first 10 modes were sufficient for capturing both the location and the amplitude of the
peak of the root-mean-square (RMS) streamwise velocity. Two-dimensional POD results in the
wall-normal-spanwise plane revealed a decreased spanwise length scale for the first mode but a
increased spanwise length for the second mode in the rough-wall flow when compared with the
smooth-wall flow. A similar trend was also noted for the first two POD modes in the streamwise-
wall-normal plane.

Roughness effects in the outer layer

While a good deal of effort has been put forth studying the effect of roughness in the immediate
vicinity of the surface, its impact on the outer-layer structure has also been evaluated. Bessm
& Stevens (1984) studied the inclination angle of large-scale structures in a turbulent boundary
layer over a k-type grooved surface via measurements of the cross-correlation between the wall
shear stress and streamwise velocity for 0.05 < y/J < 0.75. An inclination angle of approximately
20' was observed which is consistent with the results of Brown & Thomas (1977) and Head &
Bandyopadhyay (1981) for smooth-wall turbulence. This angle is also consistent with the inclined
interfaces of large-scale hairpin vortex packets observed in smooth-wall turbulence (Adrian et al.,
2000; Christensen & Adrian, 2001, among others).

The outer-layer structural consistency between smooth- and rough-wall flow observed by Bessm
& Stevens (1984) is in accordance with the many aforementioned studies that support the propo-
sition of outer-layer similarity in the turbulence statistics for rough-wall turbulence. In support
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of this similarity, many other studies have observed little difference in the spatial velocity cor-
relations of smooth- and rough-wall flow outside the roughness sublayer. Nakagawa & Hanratty
(2001) reported two-point streamwise velocity correlation coefficients computed from ensembles of
instantaneous velocity fields acquired by particle image velocimetry (PIV) in channel flow with a
wavy bottom wall (6/k ; 60) and found that neither their length scale nor their inclination angle
were altered in the presence of the wavy surface. Sabot et al. (1977) studied pipe flow roughened
with spanwise fences (6/k = 15) and found the streamwise integral length scales of the streamwise
and wall-normal velocities to change little from smooth-wall pipe flow. More recently, Volino et al.
(2007) concluded that the outer-layer structure for flow over a fully-rough woven mesh (6/k = 71)
is similar to that observed in smooth-wall flow by comparing velocity spectra and two-point cor-
relations in both flows. Similar structural consistencies in the outer layer were also observed in
a recent direct numerical simulation (DNS) of channel flow with disturbed walls by Flores et al.
(2007).

The strongest challenge to the possibility of similarity in the outer-layer structure of rough-wall
turbulence comes from Krogstad & Antonia (1994). This effort involved the use of X-wire probes
to measure streamwise and wall-normal velocity components in a turbulent boundary layer over
wire mesh (6/k z 50, 6/k, 8  15, k+ = 92, k+ = 331). Using this data, Krogstad & Antonia (1994)
found that the inclination angle of p,, increased considerably to 380 for flow over the mesh surface.
In addition, they reported a decrease in the streamwise extent of velocity and vorticity spatial
correlations compared to flow over a smooth wall but found little difference in the spanwise extent
of these correlations. It should be noted that Nakagawa & Hanratty (2001) postulated that such
effects may not be physical but rather artifacts associated with the use of a convection velocity to
infer spatial information from temporal hot-wire data. In addition, Flack et al. (2005) indicated
that the rough-wall flow of Krogstad & Antonia (1994) may not satisfy the criteria necessary for
the existence of outer-layer similarity (6/k - 50 > 40 but 6/k 8 zz 15 < 40).

Finally, Gunther & von Rohr (2003) performed POD of the velocity field measured by PIV
in a developed flow between a sinusoidal bottom wall and a flat top wall at Reynolds numbers
(based on bulk velocity and half-height of the channel) of 3800 and 7300. They found that the
dominant eigenfunctions have a characteristic spanwise scale of about 1.5 times the wall wavelength,
A. Smaller structures obtained from the POD analysis were observed at locations with maximum

Reynolds shear stress. In a follow-up study, Kruse et al. (2003) studied the dynamics of these
large-scale structures with a spanwise scale of 1.5A. The meandering motion of these large-scale
structures was followed over 6 seconds as they convected downstream approximately 65A. These
structures provided a mechanism of momentum and scalar transport between the wavy-wall and
the bulk flow. The streamwise extent of the large coherent structures was found to be significantly
larger than the streamwise domains of typical LES and DNS simulations.

To summarize, it appears that roughness has a significant impact on the near-wall structure of
the flow, but that this influence is quite specific to the roughness under consideration. In particular,
streaks are still observed in the vicinity of rough walls, although their streamwise and spanwise
extents can be modified considerably compared to smooth-wall flow. With respect to the outer
layer, some studies indicate substantial similarity between smooth- and rough-wall flow primarily
via studies of spatial correlations, although there is still some evidence that subtle differences may
exist. However, the exact impact of roughness on outer-layer vortex organization in the form of
hairpin vortex packets has received considerably less attention even though such structures play a
pivotal role in momentum transport in the outer layer.
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1.2.4 Studies of turbulent flow over irregular roughness

It should be noted that the vast majority of the literature summarized above dealt with highly ide-
alized roughness topographies (simulated roughness), like sandgrain, k- or d-type transverse bars,
wire mesh, etc. These surfaces are typically characterized by a single roughness scale. However,
most practical rough surfaces are both irregular in shape and random in roughness element distri-
bution like marine biofouled surfaces or the surface of gas turbine blades which can be roughened
by pitting/erosion, spallation and/or deposition of foreign materials. It is not at all clear whether
idealized roughness studies can predict the behavior of more practical roughness topographies. Dif-
ferences between real and simulated roughness have been known for several decades, most notably
the obvious differences between Nikuradse's results for sand grain roughness and Colebrook's corre-
lation for friction factor based on "industrial" or real roughness in the transitionally rough regime.
There are very few detailed studies of real roughness and they are briefly summarized here.

Acharya et al. (1986) studied the influence of four rough surfaces on a turbulent boundary
layer. The four surfaces included a stochastically rough surface representative of a newly-finished
turbomachinery blading, a variant of this surface with different roughness parameters, a sand-cast
surface and a mesh surface. Roughness functions revealed that the turbulent flows over these
surfaces fall largely in the transitionally rough regime. The velocity defect profiles at different
measurement positions in the streamwise direction over the sand-cast surface showed a larger scatter
in the outer region as compared to flow over the other rough surfaces studied. Measurements of
Reynolds stresses along the streamwise direction over each rough surface revealed good agreement
supporting outer-layer similarity, although cross comparison between different surfaces was not
provided. It was shown that the wall shear stress over roughness is a function of both Re0 and
surface roughness type. A universal skin-friction correlation was attempted using classical rough-
wall boundary theories (including a universal velocity defect law, log-law, and expression for k-
type roughness function) but the derived correlation appeared to depend strongly on the surface
conditions.

Bons et al. (2001) studied the surface characteristics of a number of in-service land-based turbine
blades and vanes. Turbine-blade roughness accumulates over time and is due to a number of different
damage mechanisms, including deposition of foreign materials, pitting/erosion, and thermal barrier
coating (TBC) spallation. It was observed that these different roughness-generating mechanisms
create very distinct roughness signatures. Bons et al. (2001) concluded that it is not likely that
a single roughness scale, like cones, spheres and cylinders, etc., will effectively represent the wide
range of roughness scales observed in real roughness. In a follow-up study, Bons (2002) used
scaled replicas of turbine-blade roughness in a turbulent boundary layer to investigate the effects
of highly-irregular roughness on heat transfer and skin friction coefficients. Two of the six rough
surfaces studied had k+ < 1, indicating that they should behave as hydraulically smooth. However,
the skin friction coefficients for these two surfaces were found to be larger than the smooth-wall
case. The other four rough surfaces had roughness heights that were several times the boundary
layer momentum thickness so that they were more like bluff bodies. This work revealed that
historical correlations for heat transfer and skin friction severely underestimated the influence of
real roughness in the transitionally rough regime.

Subramanian et al. (2004) extended the work of Bons (2002) by considering the turbulent
statistics over a short strip of turbine-blade roughness in the turbulent boundary layer. Their
approach did not follow the conventional rough-wall boundary layer theory by using u, as the
characteristic velocity scale of the flow. Instead, the authors proposed a pressure-gradient velocity
scale to capture the pressure effects induced by roughness on the inner-layer properties. Skin friction
velocity was argued not to be a meaningful velocity scale since strong roughness may diminish the
viscous effects. However, this argument may not be soundly grounded since skin friction velocity
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is actually derived from wall shear stress and wall shear stress exists with larger magnitude in
the presence of strong roughness even though the viscous contribution is negligible. Further, the
boundary layer certainly had not achieved self-similarity due to the short length of the roughness
and thus whether the pressure gradient velocity defined in this study is an appropriate velocity
scale in the equilibrium rough-wall boundary layer is still in question.

Finally, Allen et al. (2007) studied turbulent pipe flow in the presence of a honed surface akin
to the "industrial"-type roughness used by Colebrook (1939) in the formulation of the widely-used
Moody chart. However, their friction-factor results displayed strong deviation from the Colebrook
relationship and instead mimicked the friction-factor trends of Nikuradse's sand-grain experiments.
Allen et al. (2007) also presented smooth- and rough-wall mean velocity defect profiles, streamwise
turbulence intensity profiles and streamwise velocity spectra that collapsed in the outer layer in
accordance with Townsend's wall similarity hypothesis. These outer-layer similarity observations
represent the first of their kind for a more practical surface topology but for extremely large
separation between the roughness and outer length scales (6/k "- 51000; J/k, "- 17000).

1.3 Present effort

The present effort investigates the effects of highly-irregular roughness replicated from a turbine
blade damaged by deposition of foreign materials on the statistical and structural characteristics
of wall turbulence. Understanding such influences is pivotal for devising efficient and effective
modeling and control strategies for technologically relevant flows that suffer from such effects.
Two-dimensional particle image velocimetry (PIV) measurements are performed in the streamwise-
wall-normal plane of turbulent boundary layers at Re0 P 8000 and 13000. The surface conditions
include a smooth-wall baseline and two highly-irregular rough walls. These two rough surfaces
have the same roughness topography but differ in spatial scaling (one is scaled by a factor of two
in all three spatial dimensions compared to the other). The validity of Townsend's wall similarity
hypothesis in the presence of practical roughness is assessed and the impact of this roughness on
the spatial structure of the flow is investigated. In addition, stereoscopic PIV measurements are
made in streamwise-spanwise planes of smooth- and rough-wall turbulent boundary layers both
within and at the outer edge of the roughness sublayer at the Re0 noted above. This data is
used to explore the impact of dominant topographical features on the near-wall flow as well as
the influence of practical roughness on the spatial organization of the flow within the roughness
sublayer and in the log layer. Understanding such effects provides a stepping stone toward efficient
modeling and control of practical wall-bounded flows in the presence of highly-irregular roughness,
particularly in assessing the usefulness of models and control strategies devised from studies of
canonical, smooth-wall turbulence.

Preliminary experiments involving a short streamwise fetch of turbine-blade roughness in chan-
nel flow are summarized in section 2t.The remaining sections are then devoted to the wind-tunnel
experiments described briefly above that form the vast majority of this effort. The flow facility,
characteristics of the rough-wall topography and details of the PIV measurements undertaken are
described in section 3. Section 4 assesses the possibility of outer-layer similarity in the turbulence
statistics for flow over highly-irregular roughnessl while section 5 describes the impact of dominant
topographical features of the roughness on the near-wall flow§. Finally, section 6 provides an in-
depth comparison between the structural characteristics of flow over the highly-irregular roughness
under consideration and smooth-wall turbulence both below and within the log layerl.

lAppeared in AIAA .1. 44 (12). 3098-3106.

'Appeared in Phys. Fluids 19 (8), 085108.
tPortions appeared in AIAA Paper 2007-3995. To be submitted for journal publication soon.

lPortions appeared in AIAA Paper 2008-0648. To be submitted for journal publication soon.
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2 Preliminary experiments involving a short fetch of roughness

This section describes preliminary particle image velocimetry (PIV) measurements made in turbu-
lent channel flow with a smooth surface and with a short streamwise fetch (-, 10h, where h is the
channel half-height) of roughness replicated from a turbine blade damaged by spallation. These
initial experiments were performed in order to fine-tune the quality of the optical data acquired by
PIV in the presence of highly-irregular surface conditions and to observe the flow transition from
smooth- to rough-wall flow. Both of these factors required consideration before beginning the main
wind-tunnel measurements.

2.1 Introduction

It is well known that an abrupt transition from smooth-to-rough surface conditions in a wall-
bounded flow promotes the formation of an internal roughness layer that grows in thickness down-
stream (Smits & Wood, 1985). In such situations, the turbulence intensities and Reynolds shear
stress are unaffected except within the internal layer where they can be altered significantly by the
surface roughness (Antonia & Luxton, 1971; Andreopoulos & Wood, 1982, among others). Such
abrupt transitions occur frequently in actual engineering systems where the surface conditions can
vary significantly in the dominant flow direction. Many studies have been performed in the pres-
ence of rather idealized roughness conditions, like sandgrain, ordered arrays of elements and woven
mesh. However, roughness encountered in most practical engineering applications is quite distinct
from these idealized roughness models. The surface conditions in such flows can degrade over time,
from hydraulically smooth prior to deployment to significantly roughened over time due to harsh
operating conditions, like damage imparted to turbine blades (Bons et al., 2001; Bons, 2002) or
cumulative algae/barnacle buildup on the surfaces of submarines and ships (Karlsson, 1980), for
example. In the case of damaged turbine blades, surface roughness is attributable to deposition
of foreign materials, pitting, and spallation, rendering the surface conditions highly non-uniform.
As such, a single roughness type and scale cannot be expected to be a sufficient representation
of real roughness. In particular, Bons (2002) used scaled replicas of turbine-blade roughness in
turbulent boundary layer studies and found that classical rough-wall scalings for skin friction de-
rived from simulated roughness do not hold for some real roughness conditions. Therefore, it is not
clear whether studying the influence of idealized roughness conditions on wall-bounded turbulence
will be sufficient for successfully modeling and controlling flows of practical engineering interest in
which the surface conditions are less than ideal.

Quadrant analysis, first introduced over thirty years ago (Wallace et al., 1972; Lu & Willmarth,
1973), allows one to investigate the strongest Reynolds-stress-producing events in turbulent flows.
This method decomposes the mean Reynolds shear stress, (uv)(y), outside of a hyperbolic hole
region of size H into four distinct Reynolds-stress-producing events based on the quadrant in the
u - v plane, Q, in which they reside. These events include outward interactions (Qi: u > 0,
v > 0), ejections (Q2: u < 0, v > 0), inward interactions (Q3: u < 0, v < 0) and sweeps
(Q; u > 0, v < 0). This decomposition methodology has been used extensively to study the
Reynolds-stress-producing events in turbulent boundary layers as well as turbulent channel and
pipe flows. In the wall region of a smooth-wall turbulent channel flow, Wallace et al. (1972)
found that ejections and sweeps represented the dominant Reynolds-stress-producing events, with
each contributing nearly 70% to the total Reynolds stress at y+ - 15 while inward and outward
interactions each yielded 20% contributions. Their results also indicated that below y+ - 15 the
sweeps and outward interactions were more dominant while outside this region ejections and inward
interactions became more important contributors. By comparing the joint probability density
distributions of the streamwise (u) and wall-normal (v) fluctuating velocities with the Reynolds-
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stress-contribution distributions, Wallace & Brodkey (1977) concluded that most of the Reynolds
stress is generated by the large, energetic motions. Teitel & Antonia (1990) applied quadrant
analysis to investigate the interaction region of a turbulent channel flow and their results indicated
that ejections originating on one side of the centerline can often reach the opposing wall. Finally,
Sabot & Comte-Bellot (1976) studied the intermittent coherent structures in the core region of a
smooth-wall turbulent pipe flow and determined that ejections dominated the wall region.

Quadrant analysis has also been used to assess differences between the Reynolds-stress-producing
events in smooth- and rough-wall flows. Grass (1971) investigated intermittent ejections and sweeps
in rough-wall boundary layers using hydrogen bubble visualization and found that the entrainment
of low momentum fluid trapped between the roughness elements was much more violent than the
entrainment of smooth-wall viscous sublayer fluid. Raupach (1981) observed that sweeps accounted
for most of the turbulent stress near rough surfaces and that the relative magnitude of the sweep
component increased both with surface roughness and with proximity to the surface. Similarly,
Krogstad et al. (1992) observed that contributions from sweeps were significantly greater over
rough surfaces (wire mesh) than over smooth surfaces, particularly in the near-wall region. They
also found that strong ejections and sweeps occurred almost twice as frequently in the presence of
surface roughness. More recently, Demare et al. (1999) observed that ejections accounted for 80%
of the total Reynolds stress for flow over a smooth wall but only 60-65% in the presence of a rough
wall composed of two-dimensional square bars. Further, recent direct numerical simulations (DNS)
and experiments by Krogstad et al. (2005) in a channel flow roughened on both walls with square
bars showed little influence of roughness on the Reynolds stress outside the roughness sublayer
(y > 5k), particularly in the ratio of ejection to sweep contributions for intermediate roughness
heights. This behavior is consistent with the experiments of Flack et al. (2005) for flow over sand-
paper and wire mesh where the ratio of ejections to sweeps was found to be insensitive to surface
roughness in the outer layer. In contrast, the experiments of Nakagawa & Hanratty (2001) over
wavy walls in channel flow indicate that this ratio is strongly influenced by surface roughness well
outside the roughness sublayer for roughness heights beyond the intermediate regime. However, it
should be noted that all of these studies involved long streamwise fetches of roughness (exceeding
fifty outer length scales in all cited cases) for which the internal roughness layer grew sufficiently
to occupy the entire wall-normal domain of the flow (streamwise fetches smaller than that required
to achieve such behavior are necessarily classified as "short").

The present effort assesses the Reynolds-stress enhancement associated with a short streamwise
fetch of highly-irregular surface roughness replicated from a damaged turbine blade using quadrant
analysis. Both the impact of highly-irregular surface conditions on wall turbulence as well as the
character of rough-wall flow over short fetches of roughness have received little attention in the
literature despite their vital importance in many practical engineering flows. These issues are
therefore the focus of this work.

2.2 Experiment

The channel-flow facility used in the present effort has a development length of 216h (where h
25.4 mm is the half-height of the channel) and an aspect ratio of 10.125:1, yielding two-dimensional
flow along the channel's spanwise centerline. The working fluid of the channel is air and the flow
is suitably conditioned upstream of the channel entrance by a series of screens, honeycomb and a
contraction. The flow is then tripped with 36-grit sandpaper, ensuring fully-developed conditions
at the test section [The flow quality of this channel has been well documented in past turbulence
studies (Christensen, 2001; Christensen & Adrian, 2001)]. Static pressure taps are mounted along
the length of the channel's development section to evaluate the wall shear stress, T,. Density and
viscosity are assessed from measurements of the atmospheric pressure and fluid temperature and
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Figure 1: Contour plot of the surface topology of the replicated turbine-blade roughness. The
abscissa indicates the position relative to the leading edge of the roughness panel and the dashed
lines demarcate the streamwise-wall-normal planes where PIV measurements are made.

are then used to determine the smooth-wall friction velocity, uT = (Tw/p) 1/ 2, and the viscous length
scale, y. =_ vlur.

The roughness studied herein is quite distinct from other roughness conditions presented in the
literature, some of which are cited in the introduction. The present effort focuses on roughness
replicated from a surface scan of a damaged turbine blade [denoted surface 3 in Bons (2002)]. The
surface imperfections often encountered on these blades are attributable to deposition of foreign
material, pitting, and spallation, all of which render the surface conditions highly non-uniform.
Therefore, a single roughness type and scale, such as those extensively cited in the literature,
cannot be expected to be a sufficient representation of this form of "real" roughness. This particular
scan was chosen from the six scans discussed in Bons (2002) because it embodies both large- and
small-scale topological features. Figure 1 presents a contour plot of the surface topology at the
downstream end of the roughness insert, illustrating the highly non-uniform surface conditions. A
file containing the topological data is input into a three-dimensional printer with 80pim resolution
which constructs a physical replica of the roughness layer by layer. A smooth leading edge of length
0.75h transitions the flow from the smooth- to rough-wall conditions and the surface topology is
periodically-extended in both the streamwise and spanwise directions to fill the entire insert area,
consistent with the replications of Bons (2002). The average peak-to-valley roughness height, often
used as an estimate of k (Bons, 2002), is 1.35 mm, yielding h/k = 18.8.

A new test section was designed and constructed allowing a roughness insert to be placed
flush along the bottom wall of the channel. The surface roughness is first mounted on an cast
aluminum plate which then rests upon three screws within the test section that allow one to
adjust the mean elevation of the roughness to be coincident with the upstream smooth wall. The
insert is 10h long in the streamwise direction but spans the entire width of the channel. As such,
these measurements represent the influence of a short fetch of highly-irregular roughness on the
character of fully-developed turbulent channel flow. Further, while the roughness insert impedes
optical access from below, such access is still achieved with glass windows embedded in the top and
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Figure 2: Schematic of experimental setup.

side walls of the channel (above and on both sides of the roughness insert, respectively). Smooth-
wall measurements are achieved with an anodized cast aluminum plate inserted in place of the
roughness panel. Figure 2 presents a schematic of the experimental arrangement.

Particle-image velocimetry (PIV) is used to measure two-dimensional velocity (ii, iY) fields over
an h x h field of view in the streamwise-wall-normal plane along the channel's spanwise center
for smooth-wall conditions (SM) and two spanwise separated rough-wall positions (R1 and R2),
the latter of which are illustrated in figure 1. These two spanwise positions were chosen to assess
how distinct local surface features exert their influence upon the flow. Position R1 occurs over
relatively small-scale roughness while position R2 is just downstream of a step in surface height
from a large-scale, deep depression to a plateau. The air flow in the channel is seeded with 1 Pm
olive-oil droplets, a dual-cavity Nd:Yag laser is used for illumination and the scattered light from
the particles is imaged with an 8-bit 1 k x 1 k cross-correlation CCD camera. The pairs of PIV
images are interrogated using two-frame cross-correlation methods with first-interrogation windows
of size 18 x 18 pixels (streamwise x wall-normal) at 50% overlap to satisfy Nyquist's criterion. These
parameters yield vector grid spacings of A = 18 .9 y.M, 19 .8 ys M and 2 1 .0 y S M in both the streamwise
and wall-normal directions for cases SM, R1 and R2, respectively. A larger second window of
24 x 22 pixels is chosen to minimize bias errors associated with loss of particle pairs and the second
window is offset in the mean flow direction by the bulk displacement of the flow in order to further
increase the fidelity of the correlation. The resulting vector fields are then validated using standard
deviation and magnitude difference comparisons to remove any erroneous velocity vectors. On
average, 97-99% of the velocity vectors in any given velocity realization are found to be valid,
minimizing the need for interpolation of holes. Finally, each velocity field is low-pass filtered with
a narrow Gaussian filter to remove noise associated with frequencies larger than the sampling
frequency of the interrogation.

The measurements are performed at the same friction Reynolds number (Re, = u,hlv) based
on the upstream smooth-wall flow conditions of approximately 1830. The roughness Reynolds
number based on the viscous length scale of the upstream smooth-wall conditions, k+ = k/y,M,
is 97 which is close to the fully-rough regime. This value of k+ is in fact a lower bound on the
actual value of k+ because y. over the roughness is expected to be smaller than ySM since the wall
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Experiment Re, ull (m/s) y,' (pm) A+  k+ = k/y.M h/k

SM 1832 1.12 13.9 18.9 .
Ri 1828 1.12 13.9 19.8 97 18.8
R2 1815 1.12 14.0 21.0 96 18.8

Table 3: Summary of flow parameters for all experiments.

shear stress, and hence ur, would be enhanced by the roughness. However, an accurate measure of
the wall shear stress over the roughness was not available and so the smooth-wall values are used
as a baseline. Several thousand PIV realizations are acquired at each condition, ensuring proper
convergence of single- and multi-point statistics. Table 3 summarizes the experimental parameters.

Prasad et al. (1992) showed that the random error associated with determining particle displace-
ments in PIV is approximately 5% of the particle-image diameter. In the present study, the mean
particle-image diameter is approximately 2 pixels, yielding a random error of 0.1 pixels. Therefore,
since the time delay between the PIV images for a given experiment (13 As for cases SM and R1
and 14 ps for case R2) is chosen to yield a bulk displacement of 10-12 pixels, this random error is
less than 1% of the full-scale velocity. Furthermore, these random errors do not affect statistics of
the velocity since they average to zero for a suitably large ensembles like those considered herein.
One must also consider two sources of bias error that can appear in PIV measurements. Bias due
to loss of image pairs is minimized in the present study since a larger second interrogation window
and a bulk window offset are utilized during interrogation of the PIV images. Bias errors due to the
peak-locking effect are also minimized in the present experiment since the particle-image diameters
exceed 2 pixels (Westerweel, 1997; Christensen et al., 2004). We therefore estimate the bias errors in
our PIV measurements at 1% of the full-scale velocity (The reader is directed to Westerweel (1997),
Christensen & Adrian (2002) and Christensen et al. (2004) for a more comprehensive discussion of
PIV measurement errors).

2.3 Results and Discussion

2.3.1 Reynolds stress profiles

Figure 3 presents profiles of the Reynolds stress over smooth and rough walls as a function of wall-
normal position. These profiles are computed from velocity ensembles exceeding 3500 statistically-
independent realizations per condition. The lines in figure 3 represent ensemble- and streamwise-
averaged profiles for the three cases while the symbols represent the ensemble-averaged profiles for
case R2 at the upstream (x = 7h) and downstream (x = 8h) ends of the PIV field of view (to be
discussed below). The wall-normal origin for the rough-wall cases is taken to be the mean elevation
of the roughness, which is consistent with the streamwise-spanwise plane at which the wall shear
stress appears to act, and the upstream smooth-wall friction velocity, usM, is used to normalize the
Reynolds shear stress since an accurate measure of the local shear stress over the roughness was not
available. As such, any collapse of the roughness profiles with the smooth-wall data does not imply
outer-layer similarity but simply the existence of smooth-wall outer-layer conditions. The mean
Reynolds stress profile from a direct numerical simulation (DNS) of smooth-wall turbulent channel
flow at Re, = 550 is included in figure 3 and comparison with the smooth-wall PIV measurements
indicates that the measurements slightly under-predict the mean Reynolds stress close to the wall.
This under-prediction has been observed previously in PIV studies of smooth-wall channel flow
(Christensen, 2001; Liu et al., 1994) and is due to the spatial averaging associated with the coarser
grid spacings of the PIV measurement (- 19y. for the present cases) relative to the much finer grid
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Figure 3: Mean Reynolds stress as a function of wall-normal position.

spacings achievable in DNS (A few y. close to the wall).
When the smooth-wall profile is compared to the RI and R2 profiles it is clear that an internal

roughness layer has formed given the significant enhancement of the mean Reynolds stress in the
presence of the replicated turbine-blade roughness. However, the internal roughness layer only
protrudes to y = 0.35h, not even halfway to the centerline of the channel, even after nearly eight
outer length scales of development downstream. It should be noted that the roughness results well-
exceed the linear total stress profile expected in fully-developed, smooth-wall turbulent channel flow
because they axe normalized with the smooth-wall friction velocity (since independent measures
of ur for the rough-wall cases were not available). Therefore, the fact that the rough-wall profiles
exceed the smooth-wall Reynolds-stress and linear total-stress profiles implies that the surface
roughness has dramatically increased the local wall shear stress, yielding a commensurate increase
in the rough-wall u, compared to usM

The R2 profiles highlight the strong influence that the local roughness topology can have on the
flow. Recalling that the R2 measurements occur just downstream of a distinct step from a deep
pocket to a plateau (near x = 6.75h in figure 1), the Reynolds stress at x = 7h for case R2 (E0
symbols) is significantly enhanced compared to the smooth-wall results, case Rl (relatively fine-
scale roughness) and even the R2 profile further downstream at x = 8h (0 symbols). Examination
of the ensemble-averaged Reynolds stress for the R2 case (figure 4) indicates that this abrupt step
in surface roughness generates a thin, elongated region of intense Reynolds stress near x = 7h,
with heightened levels of (uv) extending at least 1.25h downstream of the step. This region of
enhanced Reynolds stress is most-likely associated with the wake generated by the abrupt, large-
scale step in surface roughness noted earlier. This behavior is consistent with what has been
observed in studies of arrays of discrete roughness elements where each element generates a wake
that contributes significantly to the local flow behavior (Tomkins, 2001). As such, dramatic local
changes in the surface topology generate flow modifications that can persist for some appreciable
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Figure 4: Ensemble-averaged Reynolds stress for case R2.

distance downstream. In contrast, these flow modifications do not appear to alter the wall-normal
growth of the internal layer since all the roughness profiles collapse onto the smooth-wall result
near y = 0.35h.

Figure 5 presents probability density functions (pdf's) of uv at y = 0.1h, 0.2h, 0.5h and h nor-
malized by the absolute value of the maximum Reynolds stress from the smooth-wall case: I(uv)Ism.
This value is chosen as a universal normalization so that the relative enhancement of the Reynolds-

stress-producing events by the surface roughness can be directly observed. As expected, the pdf's
are notably skewed toward negative values for y = 0.1h, 0.2h, 0.5h in both the smooth- and

rough-wall cases, consistent with the mean Reynolds stress profiles shown in figure 3. In contrast,
symmetry in the uv pdf's is noted at the centerline of the channel where the total mean Reynolds

stress is zero. In addition, it is observed that a vast majority of the Reynolds-stress-producing
events are quite small in magnitude, whereas only a small number of uv events yield extremely

large instantaneous Reynolds shear stress in both the smooth- and rough-wall cases.
Figure 5(a) indicates that the surface roughness generates a larger number of significant negative

uv events at y = 0.1h (within the log layer) compared to the smooth-wall case. This behavior is
most notable for case R2 where the largest enhancement of the mean Reynolds stress was observed.
In contrast, the number of significant positive uv events increases only slightly in the presence
of surface roughness. Further, the roughness has little effect on both the negative and positive
uv events with relatively small magnitude (uv < 41(uv)ISM). At y = 0.2h [figure 5(b)], the
enhancement of uv by the surface roughness is weaker than at y = 0.1h but still notable in the
negative tails of the pdf's. Outside the internal layer at y = 0.5h [figure 5(c)], the pdf's collapse
irrespective of surface condition which is consistent with the collapse of the mean total Reynolds
stress profiles in this wall-normal region (figure 3). The pdf's become symmetric at the centerline
[figure 5(d)], although uv events several times larger than I(uv)ISM can still exist. This latter
observation is quite consistent with the results of Sabot & Comte-Bellot (1976) for turbulent pipe
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flow. Taken together, these results suggest that the surface roughness studied herein only alters
the tails of the uv pdf's through the generation of significant instantaneous positive and negative
uv events, more so the latter than the former, while having little influence on uv events of smaller
magnitude.

The pdf's of uv for four wall-normal locations are presented in figure 6(a-c) for the SM, RI and
R2 cases, respectively. It is interesting to note that the pdf's of positive uv events remain relatively
unchanged from the log layer (y = 0.1h) to the centerline in the smooth-wall case [figure 6(a)],
indicating that the turbulent motions responsible for such contributions maintain their intensities
across the outer layer. The same cannot be said of the negative uv events in the smooth-wall case
as the negative tails of the uv pdf's show a distinct wall-normal dependence. Similar wall-normal
behavior is noted in both roughness cases (figure 6(b) for R1 and figure 6(c) for R2), although the
negative and positive uv tails show notable enhancement within the internal roughness layer.

2.3.2 Quadrant analysis

The results presented in figures 3-6 indicate that the surface roughness replicated from a damaged
turbine blade yields a net increase in the mean Reynolds stress through the generation of significant,
yet highly intermittent, instantaneous negative uv events. However, it is not known whether these
negative uv events are associated with an increased number of ejections, sweeps or both. Likewise,
the surface roughness also appears to generate an increased number of significant positive uv events,
albeit a much smaller number than the negative uv events, yet it is not clear if this is associated with
an increased incidence of outward interactions, inward interactions or both. Therefore, quadrant
analysis is used to identify the dominant contributors to the Reynolds-stress enhancement noted in
the presence of surface roughness.

Following Wallace et al. (1972) and Lu & Willmarth (1973), the mean Reynolds stress at each
wall-normal position can be decomposed into contributions from four quadrants (Q = 1 - 4),
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excluding a hyperbolic hole of size H, as

(C)

(UV)Q(y) = -J Z u(xj, y)v(x,y)I(x, y), (12)

3=l

where IO is the indicator function defined as

1when Iu(xj,y)v(xj,y)o > Iu)S (3
IQ(X,y) 0 otherwise

and M is the total number of vectors at each wall-normal position. Hence, the summation in

equation (12) represents an ensemble average amongst statistically-independent realizations and a
line average in the streamwise direction for fixed wall-normal location. As noted earlier, a universal

threshold I(uv)IlS{1 is used to define Io so that the enhancement of Reynolds-stress-producing
events due to the surface roughness can be clearly identified relative to the smooth-wall case. In

addition, a non-zero hole size, H, is used to exclude uv events of small magnitude in order to

determine the relative contributions of the significant uv events identified in the previous section.

Quadrant analysis yields three quantities of interest in assessing the overall contributions of

ejections, sweeps and inward/outward interactions t tthe mean Reynolds stress:

1. The Reynolds stress contributed by each quadrant for a given H: (uv)Q(y);

2. The stress fraction associated with each quadrant event for a given H:

SQ(y) - (uv)Q(Y) (14)
(uv)(y)
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3. The space fraction occupied by each quadrant for a given H:

NQ (y) y) (15)M

Three hole sizes, H = 0, 2, and 5, are studied and represent contributions to the total mean

Reynolds stress from all, only moderate-to-strong events and only strong events, respectively.
However, only the results for H = 0 and H = 5 will be presented herein as the H = 2 trends
are qualitatively similar to those at H = 5. Further, the wall-normal trends of these quantities
are only presented within the internal layer (y _< 0.35h) where the surface roughness exerts its
influence.

Figure 7 presents the Reynolds stress contributions, (uv)Q, from ejections, sweeps and in-
ward/outward interactions corresponding to H = 0 for the smooth and rough cases as a function

of wall-normal position. The case H = 0 implies that

4

E(UV)Q(y) = (uv)(y), (16)
Q=I

meaning that all contributions to the mean Reynolds stress, intense and weak, are included in
this quadrant decomposition. Surface roughness significantly enhances the Reynolds-stress con-
tributions of ejections and sweeps while increasing the contributions from the inward/outward
interactions only slightly. The R2 case displays the largest increase in ejection and sweep contribu-
tions, consistent with the observations noted earlier. In addition, ejections and sweeps appear to
contribute equally to the mean Reynolds stress for y < 0.1h; however, for y > 0.1h, the contribu-
tions from ejections begin to outweigh those from sweeps. As with the total Reynolds stress profiles
presented in figure 3, the contributions presented in figure 7 are normalized by the smooth-wall
friction velocity since measurements of the wall shear stress over the roughness were not available.

While the absolute contributions of Reynolds-stress-producing events, particularly ejections and
sweeps, are altered in the presence of surface roughness, the stress fractions for H = 0 show little
dependence on surface roughness (figure 8). In particular, ejections account for roughly 60-70%
of the mean Reynolds stress while sweeps account for approximately 60% in the region y _K 0.35h
in both the smooth- and rough-wall cases. The inward and outward interactions generate stress
fractions with magnitudes more than three times smaller than those of the ejections and sweeps
over the same wall-normal extent. Finally, surface roughness appears to have little influence on
the space fractions of the ejections, sweeps and inward/outward interactions as the smooth- and
rough-wall results collapse in the region y < 0.35h (figure 9). Ejections and sweeps are found to
occupy a significant fraction of space in this wall-normal region, accounting for nearly 70% of the
events for H = 0 irrespective of surface condition with the remaining 30% associated with inward
and outward interactions.

Figure 10 presents the Reynolds stress contributions from ejections, sweeps and inward/outward
interactions corresponding to H = 5 for the smooth and rough cases. The use of H = 5 ensures
that only the most intense Reynolds-stress-producing events are considered in the quadrant decom-
position. For H = 5, the contributions from both outward and inward interactions are essentially
zero for both the smooth- and rough-wall cases. In contrast, both ejections and sweeps show clear
dependence on the surface conditions as both the R1 and R2 cases yield a significant enhancement
of the smooth-wall contributions of such events, most notably in the case of R2. The contributions
from ejections are found to be slightly larger than those of sweeps except close to the wall where
sweeps contribute slightly more to the overall Reynolds stress compared to ejections. These wall-
normal trends are consistent with the recent turbulent-boundary-layer results of Flack et al. (2005)
over long streamwise fetches of sandpaper and wire mesh.
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The dependence of the Reynolds stress contributions on surface condition for H = 5 is also
notable in the stress fractions presented in figure 11. The R1 and R2 cases are found to yield
ejection stress fractions significantly larger than the smooth-wall case for y < 0.35h while the
same rough-wall cases yield enhanced sweep stress fractions for y < 0.2h. Therefore, while the
stress fractions for H = 0 display little sensitivity to the surface conditions, the stress fractions
associated with the most intense uv events display significant dependence on the surface topology.
Further, the stress fractions associated with inward/outward interactions are found to be nearly
zero for H = 5, meaning that the most intense Reynolds-stress-producing events are almost always
ejections or sweeps, irrespective of surface condition.

While ejections and sweeps account for the most intense uv events, they occupy very little
physical space (figure 12). In particular, while intense ejections and sweeps together account for as
much as 70-80% of the mean Reynolds stress (most notably in case R2), these events occupy only a
small fraction of space, with the space fraction increasing slightly in the presence of roughness. This
slight increase of NQ in the presence of surface roughness is consistent with the pdf's of uv presented
in figure 5 which illustrate that surface roughness generates a larger number of significant ejection
and sweep events. Most notably, the R2 case generates the largest space fraction for both ejections
and sweeps, 3-6%, attributable to the generation of many more intense uv events compared to the
smooth-wall case and even the R1 case. Therefore, while the overall (H = 0) stress and space
fractions are unaffected by the surface conditions, the stress and space fractions of the most intense
uv events are strongly correlated with the surface topology as evidenced by the notable differences
between the smooth-wall, R1 and R2 cases for H = 5.

Finally, the relative contributions of ejections and sweeps as a function of wall-normal position
can be quantified by the ratio

a (uv)2(y)2 (17)
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where a > 1 and a < 1 represent stronger/weaker contributions to the mean Reynolds stress from
ejections as compared to sweeps. For H = 0 [figure 13(a)], a slowly increases from one near the wall
to nearly 1.4 at the edge of the internal layer (y = 0.35h). In addition, a displays no dependence
on surface condition as the smooth- and rough-wall results collapse for H = 0, consistent with
the collapse of the stress and space fractions for H = 0 (figures 8 and 9). Figure 13(b) presents
a as a function of wall-normal position for H = 5. These results suggest that intense ejections
dominate over intense sweep events in all regions except the very near-wall region where a is near
one and are consistent with the observations of Flack et al. (2005) over much simpler roughness
surfaces (sandpaper and wire mesh). In addition, the smooth-wall values of a are observed to be
slightly larger for y < 0.1h, which is consistent with the dependence of the H = 5 stress and space
fractions of ejections and sweeps on the surface conditions. This behavior is also consistent with the
roughness-sublayer observations of Flack et al. (2005). However, for y > 0.1h, this ratio increases
slightly in the presence of roughness, indicating a slightly larger contribution from ejections than
sweeps at the outer edge of the log layer.

2.4 Summary

The dominant Reynolds-stress-producing events in smooth-wall turbulence and turbulence over a
short strip of roughness replicated from a damaged turbine blade are found to show significant
dependence on the surface conditions. In particular, the mean Reynolds stress is found to increase
dramatically, particularly in regions where the surface topology contains large-scale defects. This
increase is most-likely associated with an enhancement in the overall wall shear stress in the pres-
ence of the roughness. Probability density functions of uv indicate that, while positive uv events
are relatively unaffected by the presence of surface roughness, the number of intense negative uv
events increases dramatically over the roughness. This increased occurrence of intense negative uv
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events, coupled with the insensitivity of positive uv events to surface roughness, clearly accounts
for the dramatic increase in the mean Reynolds stress within the internal layer. Further, the local
topology plays a crucial role in the enhancement of the mean Reynolds stress as large-scale surface
defects are found to generate significant, but localized, Reynolds-stress-producing events. This lat-
ter observation is consistent with the behavior often noted in studies of discrete roughness elements
where the wake of each element significantly alters the local flow character (Tomkins, 2001).

Quadrant analysis reveals that surface roughness significantly increases the overall contribu-
tions of ejections and sweeps to the mean Reynolds stress compared to the smooth-wall case. In
contrast, the inward and outward interaction contributions remain relatively unchanged in the
presence of surface roughness. For H = 0, the stress and space fractions of ejections, sweeps and
inward/outward interactions are found to be insensitive to the surface topology. This behavior is
consistent with the pdf's of uv events which showed clear insensitivity to the surface conditions for
weak negative and positive uv events. In contrast, the most intense uv events generate stress and
space fractions that show strong dependence on the surface topology, indicating that the increase in
the mean Reynolds stress is directly attributable to the generation of extremely intense, yet highly
intermittent, ejections and sweeps.

Finally, the fact that the H = 0 stress/space fractions and a display little sensitivity to the
surface topology indicates that the flow over the replicated turbine-blade roughness and smooth-
wall turbulence may indeed be similar in the spirit of outer-layer similarity. If this is indeed the
case, then the intense uv events, which display significant dependence on surface topology, may play
a role in defining the enhanced wall shear stress over the roughness. Further, given that many of the
trends noted herein are consistent with other studies over idealized roughness (sandgrain, discrete
elements, etc.), such studies may in fact be sufficient for describing the influence of highly-irregular
surface conditions on the flow. An accurate measure of the wall shear stress over the rough surface
would be needed to confirm these conjectures and such a measure was unfortunately not available
in the present experiments. Finally, the present short-fetch observations cannot be regarded as
quantitatively representative of flow over much longer fetches of highly-irregular surface roughness.
However, the qualitative consistency between the present observations and the aforementioned
studies of idealized roughness over long fetches in the fully-rough regime (k+ > 90 - 100; high Re,)
suggests that the present results may at least retain qualitative consistency with fully-rough flow
over longer streamwise fetches of highly-irregular roughness. Direct assessment of this possibility
is required.
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3 Wind-tunnel experiments

This section summarizes all aspects of the wind-tunnel experiments undertaken, including a de-
scription of the flow facility, a detailed discussion of the roughness under consideration as well as all
details pertaining to the particle image velocimetry (PIV) measurements that form the foundation
of this experimental effort.

3.1 Flow facility

The flow facility employed in this study is an existing low-turbulence, open circuit, Eiffel-type
wind tunnel. The characteristics and quality of this facility are well-documented in many past
studies of smooth-wall turbulence (Meinhart, 1994; Meinhart & Adrian, 1995; Adrian et a!., 2000;
Tomkins, 2001; Tomkins & Adrian, 2003; Wu & Christensen, 2006a; Natrajan et al., 2007, among
others). In short, air is drawn into the tunnel via an elliptical inlet and the flow is conditioned
prior to entering the test section with a series of screens and honeycomb to maximize uniformity
and minimize turbulence levels. This conditioning yields a relatively low free-stream turbulence
intensity of approximately 0.16% (Meinhart, 1994). The flow rate of the air is controlled through
the fan speed by adjusting the frequency input of the control box. The facility was originally
designed to allow boundary layers to develop over a 6096 mm-long by 914 mm-wide hydraulically-
smooth flat plate that has an elliptically-shaped leading edge and is mounted 100 mm above the
bottom surface of the 457 mm-tall test section. This plate is formed by two equal-length sections
joined together at the streamwise center of the test section and each section has a 610 mm-wide
by 2048 mm-long float glass window smoothly embedded, facilitating optical access from below. In
addition, float glass windows are smoothly embedded in the side walls of the test section, providing
optical access from the sides as well. As reported in Adrian et al. (2000), the test section of this
facility was designed so that the side-wall boundary layers were less than 9% of the total width

of the test section, ensuring two-dimensionality of the flow in the central 80% of the test-section
width. Finally, the elevation of the test-section ceiling is adjustable, allowing precise control of the
mean streamwise pressure gradient. Static pressure taps are mounted along the streamwise length
of the flat plate at 0.3 m intervals for precise documentation of the streamwise pressure gradient.
In order to ensure spanwise uniform transition as well as to stabilize the streamwise location of
transition, flow over the flat plate is normally tripped with a 4.7 mm-diameter cylindrical rod placed
downstream of the leading edge (the precise streamwise location of the trip varies with Reynolds
number). A more thorough description of this facility can be found in Meinhart (1994).

Finally, while this tunnel was originally designed to allow laser illumination directly through
the float glass windows embedded within the flat plate, the addition of opaque roughness in this
study renders this illumination scheme impossible. Therefore, one aluminum section of the wind
tunnel's ceiling was replaced by a transparent mylar sheet. A comparison of measurements of the
flow before and after this modification reveal no discernable effect of the mylar sheet on the flow
within the boundary layer.

3.2 Rough surface

The surface studied herein is one of the surfaces characterized in Bons et al. (2001) [surface 4] and a
digitized version of this topography was generously provided to our group by Prof. J. Bons of Ohio
State University. The roughness of this particular surface is attributable to deposition of foreign
materials. It should be noted that the original profilometry measurements of this damaged turbine-
blade surface by Bons et al. (2001) yielded roughness heights on the order of tens to hundreds of
microns. Therefore, in order to generate both transitionally- and fully-rough conditions for the
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Figure 14: (a) Contour plot of a portion of the surface topology for the RF1 case. (b) Probability
density function (pdf) of the roughness amplitude about the mean elevation for the RF1 case
contrasted with a Gaussian distribution with an equivalent RMS ( ).

relatively thick boundary layers generated by the flow facility employed (6 - 100 mm) at the Re0
considered herein, the original profilometry information was scaled up in all three dimensions to
yield two different topographical conditions: one rough-wall condition with k = 4.2 mm (hereafter
referred to as the RF1 case) and an additional rough surface with k = 2.1 mm denoted the RF2
case (Following Bons (2002), the characteristic roughness height, k, is taken to be the average
peak-to-valley roughness height of the surface.). The root-mean-square (RMS) roughness heights,
krms, for the RF1 and RF2 surfaces are 1.0mm and 0.50mm, respectively, while the skewness
and flatness of both topographies are 0.19 and 2.35, respectively. Therefore, while the underlying
topographical features of RF1 and RF2 are identical in character, the RF2 case is scaled down in
all three dimensions by a factor of two relative to the RF1 case. Given that the boundary layers
under consideration have thicknesses of approximately 100 mm, the RF1 condition gives 6/k " 25
while the RF2 condition gives 6/k 50-below and above the threshold of 6/k = 40 proposed by
Jimenez (2004) for the validity of the wall similarity hypothesis (The boundary-layer thickness,
6, is taken as the wall-normal position where the mean streamwise velocity equals 99% of the
free-stream velocity for all cases). Figure 14(a) presents a contour plot of the RF1 scaling. The
dominant topographical features of this surface, attributable to deposition of foreign materials, are
elliptical in shape and are generally aligned in the streamwise direction. However, a broad range
of topographical scales is also clearly evident in this surface. Figure 14(b) presents the probability
density function (pdf) of the roughness amplitude about the mean elevation for the RF1 case
contrasted with a Gaussian distribution with an equivalent RMS. This pdf highlights the broad
range of topographical fluctuations that exist about the mean elevation but, as the aforementioned
flatness value of 2.35 suggests, the pdf of the roughness amplitude is not strictly Gaussian.

The final digitized topographies for each case were fed to a three-dimensional powder-deposition
printer with 80pLm resolution that is housed in the Imaging Technology Group Lab (ITGL) at the
Beckman Institute. This printer builds replicas of the topography layer-by-layer with a maximum
spatial footprint of 254 mm x 304.8 mm. Figure 15(a) presents a contour plot of surface topography
for the RF1 roughness panel while figure 15(b) presents a zoomed-in view of the RF1 topography
coincident with the streamwise-spanwise field of view of the stereo PIV measurements (as described
below) wherein the surface features with heights above the mean elevation are accentuated. Several
distinct roughness protrusions are clearly notable in figure 15(b) and are labeled A-G for later

32



comparison with the PIV data.
In order to achieve a self-similar boundary layer one must have a sufficient streamwise length of

roughness prior to the measurement location [,- 15-20J] (Antonia & Luxton, 1971). The boundary
layers in question have thickness of 6 100 mm, so we have chosen to cover the downstream 3 m
of the flat plate in the wind tunnel with roughness to achieve self similarity at the measurement
location. To accommodate these roughness panels, the upstream half of the flat plate was raised
relative to the downstream half such that the mean elevation of the roughness is coincident with
the upstream smooth wall. Further, since the original spatial footprint of the digitized topogra-
phy is certainly not sufficient to fill this large of an area, the topography was mirrored in both
the streamwise and spanwise directions to achieve an appropriate streamwise fetch of roughness.
Therefore, in order to properly cover the full downstream half of the flat plate in the wind tunnel
with roughness, 80 individual roughness panels were generated for each case (RF1 and RF2). These
panels were then mounted to cast aluminum plates which were laid along the downstream half of
the wind tunnel. The leading row of roughness panels for both the RF1 and RF2 surfaces were
manufactured with an additional 25.4 mm-long (in the streamwise direction) smooth region with a
thickness equal to the mean elevation of the roughness. This extra smooth strip facilitated proper
alignment of the rough surfaces with the upstream smooth plate and also provided a relatively
clean transition from smooth to rough conditions.

3.3 Streamwise-wall-normal (x - y) measurements

Two-dimensional PIV measurements were performed in the streamwise-wall-normal plane over
smooth, RF1 and RF2 surface conditions. All flows were seeded with nominally I pm olive oil
droplets generated with a Laskin nozzle. These seed particles were illuminated over a pre-defined
field of view with overlapping laser light sheets generated by a pair of BigSky Nd:YAG lasers with
a maximum energy of 190 mJ per pulse at a wavelength of 532 nm with a pulse width of 5 ns. The
laser light sheets were generated by passing the laser beams through a combination of cylindrical
and spherical lenses. A high-energy mirror of 50.8 mm diameter was used to direct the light sheets
normal to the flow boundary and their thickness in the field of view was approximately 0.5 mm.
A high resolution 4 k x 2.8 k 12-bit frame-straddle CCD camera from TSI Inc. in concert with a
105 mm lens was employed to record pairs of time-delayed images of the particles. The Insight 3G
software (TSI, Inc.) was used to perform all image acquisition. A schematic of the experimental
setup for the streamwise-wall-normal measurements is presented in figure 16. The measurements
over both smooth and rough walls were performed at the spanwise center of the wind tunnel and
5.55 m downstream of the leading edge of the flat plate (in the case of the rough walls, this is
equivalently 2.5m downstream of the leading edge of the roughness where the boundary layer
has approached self-similarity). The roughness in the vicinity of the measurement location was
painted black to reduce reflections of laser light and the boundary layer was tripped upstream of
the roughness with a cylindrical rod to ensure that the flow had achieved a turbulent state prior to
encountering the roughness. Despite a significant reduction in the laser light reflections from the
surface, a not insignificant level of reflection remained unsuppressed which rendered measurements
in the region y < 0.086 and y < 0.056 unachievable for the RF1 and RF2 cases, respectively.
Measurements were performed at two different Reynolds numbers per surface condition: at a lower
free-stream velocity of Ue 10 m/s (yielding Reo = OUe/v - 8000) and at a higher free-stream
velocity of U, ; 17m/s (yielding Reo 0  13000). The relevant flow parameters are presented in
Table 4.

The pairs of PIV images were interrogated using two-frame cross-correlation methods with a
discrete window offset specified a priori. The interrogation was carried out within the Insight 3G
software (TSI, Inc.). An iterative, two-pass interrogation scheme was employed to improve the
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Figure 15: (a) Surface contours of a portion of the roughness topography plotted as fluctuations

about the mean roughness height and oriented such that flow is from left to right. The stereo PIV
measurement domain is highlighted with the white rectangle. (b) Surface contours of the roughness

above the mean height coincident with the stereo PIV field measurement domain.
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Figure 16: Experimental setup for the PIV measurements in the streamwise-wall-normal plane.

Table 4: Flow parameters for boundary layers at two different Reynolds numbers in the presence
of smooth, RF1 and RF2 surface conditions.

Low Re Case High Re Case

Parameters Smooth RF 1 RF2 Smooth RF 1 RF2
Reo = OU,/v 8178 9000 8332 11943 14781 13685
Re6 = 5Ue/v 72547 73891 71808 106160 122627 118315
6+ = 61/V 2477 3338 2855 3467 5531 4764
Ue (m/s) 10.3 10.0 9.9 16.2 16.9 16.8
6 (mm) 110 113.3 112.9 104 112 109.8
0 (mm) 12.4 13.8 13.1 11.7 13.5 12.7
6* (mm) 16.2 19 17.3 15.1 18.6 16.9
H (6"/0) 1.31 1.38 1.32 1.29 1.38 1.33
UT (m/s) 0.35 0.45 0.39 0.53 0.76 0.68
y* (PrM) 44.4 33.9 39.5 30.0 20.3 23.1
AU +  7.1 3.5 - 8.2 4.9
k+  124 53 -- 207 91

k+  74 17 - 115 29
6/k 27 54 - 27 52
6/k, 45 170 48 162
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resolution and accuracy of the vector fields. The size of the interrogation windows was chosen to
maintain consistency in the grid spacings between the smooth and rough-wall data when scaled
in inner units (by u, and v) to ensure that the same range of spatial scales was resolved for all
surface conditions at a given Reynolds number. The grid spacing in the low Reynolds number
case is Ax +  Ay+ = A+ ; 11 and the grid spacing in the high Reynolds number case is
Ax + = AY+ +  18. Twenty-five hundred statistically-independent realizations were acquired
for the smooth-wall cases and five thousand for the rough-wall cases (See Wu (2008) for further
details regarding interrogation procedure).

The raw velocity vector fields were validated using the Cleanvec software (Meinhart, 1994;
Soloff, 1998) to remove invalid vectors. Objective statistical tests, including standard deviation
and magnitude difference comparisons, were employed to identify and remove erroneous velocity
vectors. On average, 95-97% of the velocity vectors were found to be valid, minimizing the need for
interpolation of holes. Finally, each velocity field was low-pass filtered with a narrow Gaussian filter
to remove noise associated with frequencies larger than the sampling frequency of the interrogation
(See Wu (2008) for further details regarding validation procedure).

With respect to uncertainty, there are both random and bias errors associated with PIV mea-
surements. The random errors primarily arise from estimation of the peak location in the correlation
plane. Prasad et al. (1992) showed that this error is approximately 5% of the particle-image diam-
eter. In the present measurements, the mean particle image diameter is approximately 2-3 pixels,
yielding a random error of about 0.1 pixels. Therefore, because the time delay between the PIV
images for a given experiment is chosen to yield a bulk displacement of 10-12 pixels, this random
error is less than 1% of the full-scale velocity. However, these random errors have minimal effect
on the statistics of the velocity since a large number of realizations are obtained in the current
experiments (2500 realizations for the smooth-wall case and 5000 for the rough-wall cases). There
are two sources of bias error that can appear in PIV measurements. One source of bias error comes
from velocity gradients present within the interrogation window where particles moving faster are
more likely to leave the interrogation region from one time to the next (Keane & Adrian, 1992).
This bias due to loss of image pairs is minimized in the present study since a larger second in-
terrogation window and a bulk window offset are utilized during interrogation of the PIV images.
This error is further reduced through the use of an iterative interrogation methodology. The other
common source of bias error in PIV is the peak-locking effect due to under-sampling of the particle
images (Adrian, 1995; Westerweel, 1997; Christensen, 2004). This bias error is also reduced in the
present experiments because the particle-image diameters exceed 2 pixels (Westerweel, 1997). We
therefore estimate the bias errors in our PIV measurements at 1% of the full-scale velocity.

Once the PIV velocity fields have been validated, many of the flow quantities in table 4 can be
computed. The boundary-layer thickness, 3, is defined as the wall-normal location where the mean
streamwise velocity, U, reaches 99% of the free-stream velocity, Ue. The momentum thickness, 0,
is computed as

0 = U 1 - U d , (18)

using the mean streamwise velocity profile evaluated from the PIV ensembles for a particular flow
case. In a similar manner, the displacement thickness, *, is computed as

6 6f1 (1-U yd .(9

As mentioned in section 1, the friction velocity, ur, is an important, yet difficult, quantity to
assess in rough-wall flows. In the present effort, u, is determined from the measured Reynolds
shear stress, (U/v'), profiles computed from the PIV ensemble of each flow case. This method relies
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upon the existence of nearly constant (u'v') at the outer edge of the log layer. If one considers the
mean momentum equation for a turbulent boundary layer, given by

U+ ( U ++  V + aU + + a(u'+V,+ ) - 42U +  (0

a+ +  +  ay+ -y+2,(20)

and invokes standard boundary-layer approximations, one observes that the first two terms on
the left-hand-side of Eq. (20) are small compared to the Reynolds stress and viscous terms in the
near-wall region. Therefore, close to the wall the mean momentum equation reduces to a balance
between the net turbulent and viscous forces as

a(u'+V,+ )  92U+

y+ y+2(21)

Using the boundary condition 4U + / o y + Jy=0 = 1, the above equation can be integrated with respect
to y to obtain

uT N - -(22)

In the log layer and beyond, the first term on the right-hand-side of Eq. (22) is negligibly small,
meaning one can use the measured Reynolds shear stress to estimate u,. This methodology is
employed herein for both the smooth- and rough-wall cases.

Once uT is assessed from the measured (u'v') profiles, the zero-plane displacement, yo, and
roughness function, AU+, are assessed using the Clauser chart method by fitting the measured
mean velocity profile in the log layer to the standard log law given by Eq. (1). This curve-fitting
process was performed using the curve-fit toolbox in the latest version of MATLAB (7.1). It should
be noted that the efficacy of the total stress method for determining uT was validated by performing
a Clauser chart assessment of u, for the smooth-wall cases which yielded values within 5% of those
obtained with the total stress method.

3.4 Streamwise-spanwise (x - z) measurements

In addition to the 2D, streamwise-wall-normal PIV measurements described above, stereoscopic
PIV experiments were performed in select streamwise-spanwise planes over the smooth and RF1
surfaces. Stereo PIV utilizes an additional camera to provide two distinct perspectives of the particle
motion which, after proper calibration of the imaging arrangement, yields a measure of all three
velocity components, in-plane velocities u and w and out-of-plane velocity v, on a measurement
plane defined by the laser light sheet. The principle of stereo PIV is described in detail by Prasad
(2000) so only a brief description of the angular displacement stereo PIV arrangement adopted for
the current experiments is provided.

As illustrated in Figure 17, stereo PIV utilizes two CCD cameras positioned along different
off-axis directions to obtain distinct simultaneous displacements of the particles illuminated by the
laser light sheet. These distinct views of the particle motion can be combined to infer both in-plane
and out-of-plane velocity components on the measurement plane. For the angular displacement
system, the two cameras' axes are rotated at an angle 0 with respect to the system axis. In order to
ensure uniform image focus in both cameras across the entire field of view, the Scheimpflug condition
(Altenhofen, 1952), wherein the object plane, lens plane and image plane intersect at a common
line, must be satisfied. This arrangement is presented in figure 17. The PIV image pairs acquired
by each camera are interrogated and validated independently using standard 2D PIV interrogation
procedures. The particle displacements obtained from each camera are then reconstructed into
three-component velocity fields using a three-dimensional calibration of the imaging system. First
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Figure 17: Angular displacement configuration of a stereoscopic PIV system.

proposed by Soloff et al. (1997), this robust 3D calibration method does not require knowledge of
the system geometry, rendering the calibration much simpler than ray-tracing methods. In addition,
the method of Soloff et al. (1997) is advantageous because it will account for, and therefore correct,
optical distortions that might exist along the viewing path of the imaging system.

Following the analysis of Soloff et al. (1997), the relationship between positions of particles in
the image plane of each camera, X, and their positions in the object plane, x, can be written as

X = F(x), (23)

where F is termed the mapping function. This mapping function is approximated by a polynomial
of a given order for both the in-plane coordinates (x and z) and the out-of-plane coordinate (y).
The particle displacement in the image plane can then be expressed as

AX = F(x + Ax) - F(x), (24)

and can be approximated as
AX VF(x)Ax, (25)

where

(VF)ij = Mi = Fj, (26)

is the gradient of the mapping function F, and i=1,2 and j=1,2,3. The displacements measured
by the two cameras can be consolidated as

AX(1) F(1) F(1) F(1) i[ I _ ' , 2 1,3 ~ LX i
F. F 2  F 2,3 Ax 2  (27)

AX(2) F(2) F(2) F (2)  ,
11 1,2 13 AX 3

2 2,1 2,2 2,3

where the superscripts (1) and (2) refer to the two cameras employed. Equation (27) can then be
solved using a least-squares approach.
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Figure 18: Experimental setup for the PIV measurements in select streamwise-spanwise planes.

Before discussing the detailed calibration procedure required for determination of F, the general
experimental setup is described. The same seeding, illumination and imaging equipment described
for the aforementioned 2D PIV experiments was employed for the stereo PIV experiments with the
addition of a second identical CCD camera. The light sheet (of thickness 0.5 mm) was formed using
the same lens arrangement as the 2D cases and two high-energy mirrors with diameters 25.4 mm
and 50.8mm were employed to direct the light sheet parallel to the flow boundary. Two rotation
stages were used to control the yaw and roll of the 50.8 mm-diameter mirror to guarantee a wall-
parallel light sheet. In addition, the vertical position of the 50.8 mm mirror was adjustable with
two high-precision lab jacks in order to facilitate measurements at various wall-normal locations.
Since the roughness under consideration was opaque, the field of view defined by the light sheet
was imaged through the previously-described transparent mylar sheet in the ceiling of the tunnel.
To facilitate such an arrangement, an optical bench was mounted to the upper framing of the
wind tunnel, upon which the cameras were carefully arranged in an angular manner and focused
on an identical field of view within the measurement plane defined by the laser light sheet. The
cameras were rotated at angles of ±15' with respect to the wall-normal (y) axis. The Scheimpflug
condition was satisfied by rotating the CCD mount of the camera to ensure uniform image focus
in both cameras across the entire field of view. A schematic of the experimental setup for the
streamwise-spanwise measurements is presented in figure 18.

As described by Soloff et al. (1997), Prasad (2000) and Ganapathisubramani et al. (2002),
a stereo PIV system can be calibrated with a target containing distinct markings spaced in an
ordered manner in all three spatial directions. The present effort employed a dual-plane (1-mm
separation) target of white dots spaced at 10 mm intervals over a 20 cm x 20 cm region. This target,
provided by TSI, Inc., is illustrated in figure 19. The target must be placed coincident with the
plane defined by the laser light sheet. Once in place, images of this target were acquired by both
cameras and a mapping function was constructed that relates positions in the image plane to
corresponding locations in the object plane. A third-order polynomial was used for the in-plane (x
and z) coordinates, while a first-order polynomial was employed for the out-of-plane (y) coordinate.
This mapping function was then optimized using the self-calibration scheme proposed by Wieneke
(2005) to reduce registration errors generated by inherent misalignment between the laser sheet
and the calibration target. The final mapping function was then used to reconstruct the three-
dimensional velocity vectors on the measurement plane of interest. All of these calibration and
reconstruction operations were performed within the TSI Insight 3G software package along with
the original acquisition, interrogation and validation of the individual image pairs from each camera.
Complete and detailed calibration procedures of the stereo PIV measurements are described in the
manuals of the Insight 3C software and strictly followed for the current experiments (See Wu (2008)
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Figure 19: Calibration target employed for the stereo PIV measurements in the streamwise-
spanwise plane.

for further details regarding stereo calibration procedure).
Stereo PIV measurements were made in two distinct wall-parallel planes over the RF1 sur-

face: one within (y = 0.0656 = 1.7k = 3k,) and the other at the outer edge (y = 0.156 = 4k = 7.3k,)
of the roughness sublayer. Stereo PIV measurements were also made for smooth-wall flows at the
same wall-normal positions, y = 0.0656 and y = 0.156. Data was acquired at Reo 6  8000 and
13000 for both smooth and RF1 surfaces to match the flow conditions of the 2D PIV measurements
in the wall-normal (x - y) plane. To maximize this consistency, the input frequency of the wind-
tunnel blower was fine-tuned until the mean streamwise velocities from the wall-parallel experiments
(computed by both ensemble and area averaging) were within 1% of those in the wall-normal plane
experiments. Such consistency is necessary since many of the flow parameters listed in table 4 are
not computable from wall-parallel data and must therefore be inferred from the wall-normal plane
experiments.

The pairs of PIV images for each camera were interrogated in a manner similar to that employed
for the aforementioned 2D PIV experiments. The size of the interrogations windows was chosen to
maintain consistency of velocity grid spacing in inner units between smooth- and rough-wall data.
The grid spacing in the low Reynolds number case is Ax + = Az + z 11 and the grid spacing in the
high Reynolds number case is Ax + = Az +  18. The interrogated velocity vector fields obtained
from each camera were then validated as previously described, but within the Insight 3G software,
to remove invalid measurements before being combined into 3D velocity fields using the mapping
function generated from the calibration of the imaging system. Twenty-five hundred statistically-
independent realizations were acquired for the smooth-wall cases while five thousand were acquired
for the rough-wall cases (See Wu (2008) for further details regarding interrogation procedure).

For an angular stereo PIV configuration with perfect registration, the in-plane errors for u and
w velocity components are reduced by a factor of -L compared to the uncertainty of approximately
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0.1 pixels for a single camera arrangement (Prasad, 2000). However, the error for the out-of-plane
velocity component, v, is times the in-plane error (Zang & Prasad, 1997; Lawson & Wu, 1997;
Prasad, 2000), where 0 = 150 in the present case. The experimental calibration procedures of Soloff
et al. (1997) showed that the error associated with the out-of-plane velocity component could be a
magnitude higher than the error of the in-plane velocity components. However, the self-calibration
scheme developed by Wieneke (2005) to correct the registration errors yields final displacements
with uncertainties less than that introduced from the basic PIV correlation algorithm. Therefore, we

estimate the random and bias errors associated with the present stereo PIV velocity measurements
to be similar to the 2D uncertainties of 1% of the full-scale velocity.

Finally, validation of the present stereoscopic PIV methodology was achieved by comparing the
turbulence statistics computed from the stereoscopic PIV measurements in the wall-parallel mea-
surement plane at both wall-normal positions, y = 0.0656 and 0.156, under smooth-wall conditions
with the turbulence statistics garnered from the aforementioned two-dimensional PIV measure-
ments in the streamwise-wall-normal plane over a smooth wall at equivalent Reo. Table 5 presents
such a comparison for the inner-scaled mean velocity, U+ , as well as the inner-scaled Reynolds
normal and shear stresses (u 2)+, (v')+ and -(u'v')+. It is seen that the relative differences are all
within 5%, validating the efficacy of the stereoscopic calibration and reconstruction methodology
employed herein. It should be noted that Tomkins (2001) performed a similar comparison of tur-
bulence statistics computed from both wall-normal and wall-parallel PIV measurements (although
both were 2D) at fixed y and a similar level of consistency was reported.
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Table 5: Comparison of turbulence statistics computed from the smooth-wall stereoscopic PIV
measurements in the streamwise-spanwise plane at both y = 0.0656 and y = 0.156 with the smooth-
wall statistics at the same wall-normal locations from the two-dimensional PIV measurements in
the streamwise-wall-normal plane. The last column presents the relative differences between the
various statistics.

y = 0.0656
Experiments Statistics 2D PIV Stereo PIV Relative Difference

U+  18.34 18.43 0.5%
Reo z 8000 (u'2 )+  4.84 4.88 0.8%

(v' 2)+  1.14 1.19 4.4%
- (u'v')+  0.99 0.96 3.0%

U+  19.70 19.64 0.3%
Re0  13000 (u'2 )+  5.02 5.08 1.2%

(v'2)+ 1.15 1.17 1.7%
-(u'v') +  0.98 0.96 2.0%

y = 0.156
Experiments Statistics 2D PIV Stereo PIV Relative Difference

U+  20.41 20.24 0.8%
Re( ; 8000 (u' 2 )+  4.41 4.24 3.9%

(1'2) +  1.30 1.25 3.8%
-(u'v') +  1.00 0.96 4.0%

U+  21.74 21.80 0.3%
Re0 ; 13000 (u' 2) +  4.41 4.46 1.1%

(V'2) +  1.30 1.31 0.8%
-(u'v') +  1.00 0.99 1.0%
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4 Outer-layer similarity in turbulence statistics

4.1 Background

It is generally accepted that within the roughness sublayer, -. 3 - 5k away from the wall, turbulence
is strongly affected by surface conditions. However, conflicting evidence exists as to whether rough-
ness effects penetrate beyond the roughness sublayer and into the outer layer of the flow. Townsend
(1976) first hypothesized that at high Reynolds numbers, the turbulent motions in the outer layer
are independent of surface conditions and viscosity except for their role in setting the wall shear
stress (and hence the friction velocity, u, = [-r/P]1 2 ) and the boundary-layer thickness, 6. With
respect to rough-wall flows, this hypothesis implies that if the characteristic height of the rough-
ness, k, is sufficiently small compared to 6 then the direct impact of roughness is confined within
the viscously-dominated roughness sublayer. Under such conditions, the turbulence in the outer
layer is only indirectly influenced by roughness through its role in determining u, and 6 (Raupach
et al., 1991). Since this wall similarity hypothesis was first proposed, many studies have indeed
observed the various single-point statistics of smooth- and rough-wall flows, including the mean
velocity deficit as well as profiles of the Reynolds normal and shear stresses, to behave similarly
outside the roughness sublayer when appropriately scaled by u,. In particular, wall similarity has
been observed for turbulent flow over a variety of roughness topographies, including cylindrical
roughness (Raupach, 1981), sand grain (Flack et al., 2005), mesh (Flack et al., 2005; Perry & Li,
1990), spheres (Ligrani & Moffat, 1986) and two-dimensional grooves (Bandyopadhyay & Watson,
1988). However, it should be noted that all of these topographies are idealized in the sense that
they are characterized by a dominant topographical scale arranged in an ordered manner. Further,
these studies span a broad range in both Re, inner-scaled roughness height (k+ =_ k/y.) and scale
separation (6/k), although it is generally accepted that the roughness sublayer and the outer region
of the flow must be sufficiently separated for wall similarity to exist, implying 6 >> k. However,
despite the fact that k is a physically-meaningful measure of the characteristic roughness height,
rough-wall flows are generally classified as hydraulically smooth (k+ < 5), transitionally rough
(5 < k+ < 70) and fully rough (k+ > 70) via an equivalent sand-grain height, k,, that relates
arbitrary roughness topographies to the sand-grain experiments of Nikuradse (1933) through the
roughness function, AU+. As such, k8 is not a representative geometric scale for a given roughness
topography (unless the roughness is sand grain) but simply relates the bulk impact of an arbitrary
roughness on the mean flow to sand grain of height k. Table 1 summarizes the salient details of
many of the aforementioned studies that observe wall similarity. Interestingly, the common fea-

ture between these studies is actually not a threshold on k+ or k+ as similarity is observed for
both transitionally- and fully-rough flows. Instead, the common thread amongst these efforts is a
substantial separation between the roughness scale and the outer length scale of the flow via large
6/k or 6/ks. It should be noted that Jimenez (2004) proposed a criterion for the existence of wall
similarity based on the physical roughness height k (6/k > 40) while Flack et al. (2005) recently
proposed a threshold based on k, (6/k 8 > 40).

Despite significant evidence supporting the validity of Townsend's wall similarity hypothesis
in the presence of many different idealized roughness topographies, other studies have indicated
substantial modification of the outer layer in the presence of roughness. In particular, Krogstad
et al. (1992) observed strong outer-layer effects imposed by woven mesh, including modifications of
the mean velocity profile and the Reynolds stresses. Numerous other recent studies over different
idealized rough surfaces also indicate that wall similarity may not be a universal characteristic
of rough-wall turbulence (Shafi & Antonia, 1997; Krogstad & Antonia, 1999; Keirsbulck et al.,
2002). The pertinent details of these studies are summarized in table 2 and the most obvious
common feature amongst them appears to be rather weak separation between the roughness and
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outer length scales. In particular, while a number of these studies have relatively large 6/k values,
nearly all of them have relatively small values of 6/k,. Therefore, considering this trend, in concert
with the trend noted in the studies supporting outer-layer similarity, it appears that substantial

separation between the roughness sublayer and the outer flow in the form of large 6/k, represents
the appropriate condition for the existence of wall similarity. Interestingly, 6/k does not appear to
play as strong of a role in this regard despite k being a more representative measure of the actual
wall-normal extent of the specific topography under consideration.

While the many studies mentioned above consider the validity of wall similarity in the presence
of sand grain, k- or d-type transverse bars, wire mesh and ordered arrays of elements, these surfaces
must be considered highly idealized since they typically contain a single roughness scale arranged
in an ordered manner. Unfortunately, the roughness encountered in a variety of technologically-
relevant applications, like the surfaces of damaged turbine blades and the surfaces of ships and
submarines, can be highly irregular and contain a broad range of topographical scales. Unfortu-
nately, few studies have considered the validity of wall similarity in the presence of such surfaces.
For example, Allen et al. (2007) studied turbulent pipe flow in the presence of a honed surface akin
to the industrial-type roughness used by Colebrook (1939) in the formulation of the widely used
Moody chart. However, their friction-factor results displayed strong deviation from the Colebrook
relationship and instead mimicked the friction-factor trends of Nikuradses sand-grain experiments.
Allen et al. (2007) also presented smooth- and rough-wall mean velocity defect profiles, stream-
wise turbulence intensity profiles and streamwise velocity spectra that collapsed in the outer layer
in accordance with Townsend's wall similarity hypothesis. Their outer-layer similarity observa-
tion represented the first of its kind for a more practical surface topology but for extremely large
separation between the roughness and outer length scales (6/k - 51000; 6/k, - 17000).

A crucial and lingering question in rough-wall turbulence is whether wall similarity can be ex-
pected in the presence of non-ideal surface topographies that are highly irregular at more moderate
6/k and/or 6/k, [i.e. closer to the thresholds proposed by Jimenez (2004) and Flack et al. (2005)].
Such behavior is characteristic of many practical flow systems wherein the surface conditions de-
grade significantly over time. If such similarity is observed in the presence of such surfaces, then
outer-layer modeling of many practical rough-wall flows could be greatly simplified. To this end,
the present effort assesses the validity of Townsend's wall similarity hypothesis in the presence of
the highly-irregular surface topography introduced in section 3 using the PIV measurements in the
streamwise-wall-normal plane for smooth, RF1 and RF2 surface conditions.

4.2 Mean velocity profiles

The inner-scaled mean velocity profiles at Re z 13000 are presented in figure 20(a) for the smooth-
and rough-wall cases [Statistics at Reo ; 8000 are omitted throughout for brevity but can be found
in Wu (2008)]. The mean velocity profiles are computed by ensemble-averaging the velocity fields
for a given case followed by line-averaging in the streamwise direction in a manner similar to other
recent PIV studies of rough-wall turbulence (Nakagawa & Hanratty, 2001; Bijillon et al., 2006).
As expected, the presence of roughness shifts the logarithmic region of the mean velocity profiles
downward by an Re-dependent AU+ and enhances the friction velocity relative to the smooth-wall
baseline for RF1 and RF2, respectively. Given AU + = 8.2 at Reo = 14781 and AU + = 7.1 at
Re0 = 9000 for RF1, in concert with Eq. (9), the equivalent sand-grain height, k+ , is found to be
115 (2.5mm) at Re0 = 14781 and 74 (2.35mm) at Re0 = 9000. These k+ values place the RF1
case within the fully-rough regime at both Reo based on accepted historical classifications. The
existence of fully-rough flow under the present RF1 conditions can be verified by ensuring that
the skin friction coefficient, cf E 2-w/pU2 , has approached a constant value, independent of Re0

[and hence viscosity since cf must only depend on the character of the roughness in the fully-rough
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Figure 20: Mean velocity profiles over smooth and rough surfaces at Re0  13000. (a) Inner scaling;
(b) Velocity defect scaling. Not all data points shown for clarity. 1l: Smooth, A: RF1, 7: RF2.

regime(Schlichting, 1979)]. Alternatively, one can evaluate the onset of fully-rough flow by verifying
that the inner-scaled free-stream velocity, U+ , has approached a constant value, independent of
Re0 , since Cf = 2(U,+)- 2 . Current measurements at Re0 = 9000 give U,+ = 22.1 and U+ = 22.2 is
obtained at Re0 = 14781. This consistency in U+ supports the notion that the present RF1 case is
fully rough. For the RF2 case, AU + = 4.9 gives k+ = 29 at Re0 = 13685 while AU + = 3.5 yields
k+ = 17 at Reo = 8332. Comparing U+ = 24.8 for the RF2 case at Reo = 13685 with U+ = 25.2 at
Reo = 8332 indicates that the RF2 flow is still in transition toward a fully-rough state. It should
be noted, however, that both RF1 and RF2 satisfy 6/k, > 40 despite the fact that 6/k < 40 for
RF1. Recall that most studies supporting wall similarity (table 1) exhibit large 6/k, values and
Flack et al. (2005) proposed 6/k, > 40 as a threshold for wall similarity to exist. In contrast, most
studies that do not observe outer-layer similarity suffer from low 6/k, values despite having large
values of J/k. As such, the present roughness cases allow evaluation of the Flack et al. (2005)
threshold of 6/k, > 40 as well as that of Jimenez (2004) (6/k > 40) for the case of more practical
surface roughness.

Figure 20(b) presents the mean velocity profiles for the smooth and rough cases in velocity defect
form (U+ - U+ versus y/6). Excellent agreement is noted between the two rough-wall velocity defect
profiles and the smooth-wall baseline in the overlap and outer layers. This agreement indicates
that roughness effects on the mean velocity are confined to the inner layers of the rough-wall flows,
supporting the existence of outer-layer similarity. Similar collapse of smooth- and rough-wall mean
velocity profiles in defect scaling was also noted recently by Connelly et al. (2006) for turbulent
boundary layers in the presence of sand grain and wire mesh as well as by Allen et al. (2007) for
honed surfaces in turbulent pipe flow.

4.3 Reynolds stresses

Profiles of the streamwise Reynolds stress, (u'2), in physical units as a function wall-normal position
are presented in figure 21(a) for the smooth, RF1 and RF2 cases at Reo 6  13000. It is clear
that roughness significantly augments (u 2 ) compared to the smooth-wall baseline. In particular,
surface RF1 generates a more substantial enhancement of (u 2) compared to the RF2 case since its
characteristic roughness height is twice that of RF2. A similar enhancement due to roughness is
also noted in profiles of the wall-normal Reynolds stress, (v"2 ), in physical units [figure 22(a)].
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Figure 21: Streamwise Reynolds stress, (u), as a function of wall-normal position over smooth
and rough surfaces at Reo ; 13000. (a) Physical units (m 2/s 2 ); (b) Normalized by u2. Not all data
points shown for clarity. Dashed and solid lines in (b) denote the 5k/6 positions for RF1 and RF2,
respectively. 0I: Smooth, A: RF1, V: RF2.

When the physical-scale profiles of (u) and (v) are normalized by their respective u2 values
[figure 21(b) for (u0) and figure 22(b) (v0)], excellent collapse is achieved throughout the outer
region from the upper extent of the roughness sublayer (demarcated by the vertical lines at the
5k/6 positions for the RF1 and RF2 cases) to the boundary-layer edge. This collapse is consistent
with the notion of outer-layer similarity wherein the surface conditions set the drag at the boundary
(which equivalently sets u.) and the turbulence away from the wall adjusts itself to this drag in a
universal manner. Similar collapse of rough-wall inner-scaled profiles of (u 2 ) and (v2) with smooth-
wall data was recently reported by Flack et al. (2005) for flow over sand grain and wire mesh and by
Schultz & Flack (2005) for flow over close-packed spheres, with all rough-wall conditions satisfying
6/k, > 40. In addition, Allen et al. (2007) noted similar collapse of (u'2 )+ in the outer layer for
smooth- and rough-wall (honed surface) turbulent pipe flow for 6/k 8 - 17000.

Figure 23(a) present profiles of Reynolds shear stress, - (u'v'), in physical units for the smooth
and rough cases at Re0 z 13000. As with the Reynolds normal stresses, the RF1 case yields the
greatest enhancement of the turbulent shear stress relative to both the smooth-wall baseline and
the RF2 case. In particular, RF1 enhances the peak Reynolds shear stress by a factor of two relative
to the smooth-wall case at Re0 , 13000. When normalized by u 2 [figure 23(b)], excellent collapse
of the rough-wall profiles on the smooth-wall baseline is achieved outside of the roughness sublayer
(y > 5k). This collapse of the mean Reynolds shear stress profiles on u 2is again consistent with
the notion of outer-layer similarity.

Finally, these Reynolds normal and shear stress profiles indicate that the accepted measure for
the outer edge of the roughness sublayer from studies of idealized roughness (- 3 - 5k) appears to
hold well for the roughness studied herein. It should be noted that Flack et al. (2005) proposed
-" 5k, as a more consistent measure for the outer extent of the roughness sublayer. However, a
lack of data below 5k, in the present experiments does not allow for a detailed evaluation of this
possibility for these rough-wall conditions.

46



(a) (b)

25
075

E 05

0.77

E 075

U,0. 0.

25

05

0. .-s 025. .

02;0 075 1 IL50507

Figure 2 As figure 21 but forlnrl Reynolds hear l stress at Re z 13000, (u'v')

077



4.4 Quadrant analysis

While the profiles of (u'v') show similarity in the outer region when scaled by u., this collapse need
not require that the distributions of the instantaneous u'v' events contributing to these average
profiles be identical between the smooth- and rough-wall cases. To explore such issues, we first
consider probability density functions (pdf's) of uV in physical units as presented in figures 24(a)-
(c) for the smooth and rough cases at y = 0.16, 0.256, and 0.56, respectively, at Reo : 13000. As
expected, the pdf's are notably skewed toward negative values in both the smooth- and rough-wall
cases, indicative of the dominant contributions of ejection and sweep events to the overall Reynolds
stress profiles. Of particular interest is the noted enhancement of both negative and positive
u/v/ events in the presence of roughness, particularly in the case of RF1. This enhancement is
noted both within the roughness sublayer at y = 0.16 as well as outside the roughness sublayer at
y = 0.256 and 0.56. Similar enhancement of Reynolds-stress-producing events was noted by Wu
& Christensen (2006b) in fully-developed turbulent channel flow encountering a short streamwise
fetch of highly-irregular roughness replicated from a turbine blade damaged by spallation.

When the instantaneous u'v' events contributing to the pdf's are normalized by u2, excellent
collapse of the pdf's is observed irrespective of surface condition and this collapse improves as one
moves farther away from the roughness sublayer [figures 24(d)-(f)]. Therefore, while the mean
Reynolds shear stress profiles display clear outer-layer similarity when scaled by uT, the collapse
of these u'v' pdf's on u2 provides strong support for outer-layer similarity in the Reynolds-stress-
producing events that contribute to the overall mean profiles.

One can further evaluate the perceived similarity in the Reynolds-stress-producing events by
discriminating between the various quadrant events that contribute to the overall mean Reynolds
shear stress profiles. For example, the negative tails of the pdf's embody contributions from both
ejections (Q2) and sweeps (Q4) while the positive tails contain contributions from both outward
(Ql) and inward (Q3) interactions. To explore possible modifications of these individual quadrant
events in the presence of roughness, quadrant analysis, as first proposed by Lu & Willmarth (1973),
is applied to the smooth and rough cases. In quadrant analysis, the mean Reynolds shear stress at
each wall-normal position is decomposed into contributions from the four quadrants of the u' - v'
plane excluding a hyperbolic hole of size H as

1 A
u'vQy; H) = -M E u (xj, y) v(xj, y) IQ (xj, y; H), (28)

j=1

where M is the total number of velocity vectors at each wall-normal position and IQ is an indicator
function defined as

IQ(xj,y;H) = 1. when Ju'(xj,y)v'(xj,y)JQ - Ha,,(y)a,(y) (29){ 0, otherwise,

where au - (u 2 )' / 2 and av - (vI2 )1/2 are root-mean-square streamwise and wall-normal velocities,
respectively. The value H represents a threshold on the strength of the Reynolds-stress-producing
events considered in the analysis, with H = 0 allowing all u'v' events to be included in the decom-
position and increasing values of H allowing inclusion of only increasingly intense Reynolds-stress-
producing events.

The contributions from events of all four quadrants to the Reynolds shear stress, (u'v')Q (Q =

1 - 4), with H = 0 are presented in figures 25(a) and 25(b) at Re0  13000 for smooth and rough
cases. The smooth-wall results are consistent with past studies of smooth-wall turbulence: Q2
(ejection) and Q4 (sweep) events contribute heavily to the mean Reynolds shear stress compared to
Q1 (outward interaction) and Q3 (inward interaction) events. When the rough-wall contributions
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(m2 /s 2 ) at, y = 0.13. 0.256 and 0.56, respectively and (d,e,f) normalized by u27 at y = 0.16. 0.256
and 0.56 respectively at Reo 6  13000. Not all data points shown for clarity. 0: Smooth. A: RF1.
':RF2.

are compared to the smooth-wall baseline, excellent collapse is observed outside the roughness
sublayer (y > 5k) for all four quadrant events when appropriately scaled by u2, consistent with
the outer-layer similarity observed in the mean Reynolds shear stress. This outer-layer collapse is
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also consistent with the quadrant-analysis results of Flack et al. (2005) for flow over sand grain and
wire mesh topologies. In contrast, Krogstad et al. (1992) observed that the contributions from Q2
and Q4 events were enhanced by wire-mesh roughness across most of the outer layer compared to
smooth-wall turbulence. It should be noted that the roughness considered in Krogstad et al. (1992)
was quite strong as evidenced by a relatively weak scale separation of 6/ks = 15.

Figures 25(c) and 25(d) present the Q2 and Q4 contributions, respectively, to the mean Reynolds
shear stress for H = 4. The value H = 4 indicates that only the most intense u'v' events are
included (The contributions from Ql and Q3 events are nearly zero for H = 4 and are therefore
not presented). As with the H = 0 case, reasonable agreement between the smooth and rough cases
is observed outside the roughness sublayer (y > 5k). These profiles have slightly wider scatter than
the H = 0 profiles simply because there are much fewer u'v' events that satisfy the intense threshold
of H = 4. This scatter is most apparent in the Q2 contributions to the mean Reynolds shear stress
for H = 4, although the variations relative to the smooth-wall baseline are within the estimated
uncertainty for this statistic ("- 10 - 15% due the relatively small sample size). Therefore, outer-
layer similarity appears to hold for even the most intense Reynolds-stress-producing events. Similar
collapse outside the roughness sublayer (with comparable scatter) was also observed by Flack et al.
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(2005) for H = 4 quadrant contributions in the presence of sand grain and wire mesh.
The collapse observed in the mean Reynolds shear stress profile, the pdf's of the instantaneous

Reynolds-stress-producing events and the quadrant contributions to the mean Reynolds shear stress
provide significant evidence that the Reynolds-stress-producing events over smooth and rough walls
are similar. One question still remains, however, related to the fraction of space in the flow occupied
by these Reynolds-stress-producing events for smooth- and rough-wall turbulence. One can define
a space fraction, NQ(y; H), for a given H as

NQ(y; H) - ZIQ(y; H) (30)M '

where IQ is given by equation (29) and M is the total number of sample points at a given wall-

normal location. Figures 26(a) and 26(b) present the space fractions for Ql - Q4 events for H = 0
at Reo z 13000. The smooth- and rough-wall space fractions display strong consistency in the outer
layer, indicating that a similar fraction of space in the flow is occupied by the various quadrant

events despite markedly different surface conditions. Similar collapse is noted in the space fractions
for the most intense Reynolds-stress-producing events (H = 4) as presented in figures 26(c) and

26(d) for Q2 and Q4 events, respectively (the space fractions for Q1 and Q3 events are nearly zero
for H = 4 and are therefore not presented).

Finally, the ratio of the contributions from Q2 events to contributions from Q4 events,

a(y;H) = (u'v')2(y; H) (31)(U'V') 4(y; H)'

quantifies the relative importance of these events at a given wall-normal position for a specified hole

size, H. Figures 27(a) and 27(b) present a for the smooth and rough cases at both Re for H = 0
and H = 4, respectively. For H = 0, a collapses across the outer layer except very near y = 6 where

extremely small differences in the Reynolds shear stress contributions are magnified. Values of a

from the wire-mesh studies of Krogstad et al. (1992) are included for comparison and consistency

is noted with the present results. For H = 4, the profiles of a show good collapse in classic semi-
log form. The a results of Flack et al. (2005) and Krogstad et al. (1992) are also included for

comparison and agree well with the present results except very close to the wall. It should be noted

that while Krogstad et al. (1992) observed noted modifications in the individual Reynolds-stress
contributions of ejection and sweep events, these modifications still yielded a profiles that were
consistent between smooth- and rough-wall flows except very close to the wall where substantial
differences were noted.

4.5 Two-point velocity correlation coefficients

The single-point statistics presented above show strong similarity between the smooth- and rough-
wall cases in the outer layer, consistent with many past studies of idealized roughness topologies

(see table 1). However, a question still remains as to whether the spatial structure of these flows
are similar in the outer layer as well. In particular, understanding modifications of the spatial
character of the flow by roughness is important as many turbulence models (large-eddy simulation
(LES) subgrid-scale models, for example) and control strategies rely heavily on details of the flow's

spatial structure. As outlined in chapter 1, past studies of wall turbulence indicate that the two-
point autocorrelation coefficients of streamwise and wall-normal velocity in the x - y plane, Pu
and p,,, given by

puu (rx.Y;Yref) (u'(x, yref)U'(x + r., y)) (32)
Uu (Yref ) = (Y)
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Figure 26: Space fractions, NQ, as a function of wall-normal position for (a,b) H 0 and (c,d) H =

4 at Re0  13000. Lines as in figure 21 and not all data points shown for clarity. E: Smooth, /A: RF1,
RF2.

and

pvv(rx, y; Yref) (v'(x, Yref)V'(X + r., y)) (33)av(Yref)Uv(Y)

mimic the average spatial characteristics of the underlying flow structure. In equations (32) and
(33), rx is the spatial separation in the streamwise direction, Yref is the fixed wall-normal position at
which the correlation maps are calculated and a, and av are the root-mean-square streamwise and
wall-normal velocities, respectively. In particular, Christensen et al. (2004) showed that the spatial
characteristics of PU, in the (r., y) plane mimic those of large-scale hairpin vortex packets both in
streamwise extent and inclination angle. In addition, this effort also revealed a clear consistency
between the spatial extent of Pvv and the individual spanwise vortices. Therefore, modifications of
puu and/or Pvv by roughness would be indicative of possible modifications of the underlying spatial
structure of the flow.

While a vast majority of the rough-wall literature has focused on the impact of roughness on
the single-point statistics, a few of these efforts have also assessed the impact of idealized roughness
on the average spatial character of the flow, typically via two-point autocorrelations of velocity.
Krogstad & Antonia (1994) observed a significant reduction in the streamwise extents of p,,,, and Pv.
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U: Smooth at Re0 : 8000, A: RF1 at ReO 6  8000, V: RF2 at ReO ; 8000.

both within the roughness sublayer and in the outer layer (as inferred from time series of velocity
acquired by cross-wire probes) in the presence of woven mesh with k+ = 331 and 6/k, = 15. This
effort also reported a drastic increase in the inclination angle of Puu in the (r=, y) plane under
rough-wall conditions. In contrast, the recent PIV measurements of fully-rough flow over a wavy
surface by Nakagawa & Hanratty (2001) indicate a strong similarity in the streamwise extent and
inclination angle of Puu as well as the spatial extent of p, in the outer layer when compared to
similar features in smooth-wall turbulence. Nakagawa & Hanratty (2001) hypothesize that the stark
differences between their observations and those of Krogstad & Antonia (1994) may be partially
attributable to the assumption of a constant convection velocity by Krogstad & Antonia (1994)
in the application of Taylor's hypothesis to infer spatial variations of the autocorrelations from
time-series data. Finally, Allen et al. (2007) reported strong outer-layer similarity in streamwise
velocity spectra for smooth- and rough-wall (honed surface) turbulent pipe flow for 6/k, '- 17000,
indicating a negligible impact of roughness on the outer-layer structure under these conditions.

The characteristic streamwise extents of Puu and Pvv can be assessed by plotting their one-
dimensional profiles for fixed wall-normal position (i.e. y = Yref). Figure 28(a-f) presents one-
dimensional profiles of puu at y/ 6 = 0.086, 0.1, 0.15, 0.25, 0.4 and 0.5, respectively, as a function
of r./6 for the smooth and rough cases at Re0 ; 13000. The wall-normal location y = 0.0866 is
chosen for comparison because it is the closest position to the surface for which data is available in
the x - y plane measurements for all three surface conditions. Also note that the first three wall-
normal locations are within the roughness sublayer defined by y < 5k for the RF1 case while the
first two wall-normal positions are inside the roughness sublayer for the RF2 case. Near the wall,
subtle differences exist between the smooth-wall baseline and the rough-wall cases. In particular,
puu is enhanced slightly at moderate r. for the RF2 case but diminished slightly for the RF1 case
relative to the smooth-wall baseline. Therefore, the characteristic streamwise length scale of p,,
representative of the streamwise extent of outer-layer vortex organization, is enhanced slightly by
RF2 but diminished by RF1 relative to the smooth-wall baseline. Recall that the most obvious
distinction between RF1 and RF2 is the factor of two difference in the characteristic roughness
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height, k, which places RF1 in the fully-rough regime and RF2 in the transitionally-rough regime.
However, this factor of two scaling of RF1 relative to RF2 is not only reflected in k but also in the
characteristic spacing of the dominant topographical features of the roughness in the streamwise
and spanwise directions. As such, the opposing impacts of RF1 and RF2 on Puu in the roughness
sublayer may be attributable to one or both of these differences. From a structural viewpoint,
these slight differences in pu, within the roughness sublayer may be tied to a roughness-induced
modification of the hairpin vortex regeneration mechanism thought to drive the formation and
sustainment of coherent vortex packets (Zhou et al., 1996, 1997).

Nevertheless, these roughness effects diminish significantly as the outer layer is approached,
with RF2 displaying similarity with the smooth case for y > 0.16 and RF1 showing similarity for
y > 0.256. This outer-layer similarity in p,. is quite consistent with the observations of Nakagawa &
Hanratty (2001) for fully-rough flow over a wavy surface but certainly inconsistent with the drastic
reduction in the streamwise extent of Pu, observed by Krogstad & Antonia (1994) for fully-rough
flow over wire mesh. While Nakagawa & Hanratty (2001) attributed these differences to the use of
time-series data to infer the character of spatial correlations, these differences may also be due to
the weak scale separation (6/k, = 15) in the Krogstad & Antonia (1994) experiments.

Figure 29 presents Pvv at y/6 = 0.086, 0.1, 0.15, 0.25, 0.4 and 0.5, respectively, for the smooth
and rough cases at Re0 z 13000. While roughness has a relatively subtle influence on p",, it has a
much more dramatic impact on p,. In particular, roughness increases the characteristic width of
pvv close to the wall for both roughness cases. In the context of the underlying spatial structure,
roughness appears to increase the spatial extent over which the spanwise vortex cores (believed
to be the imprint of hairpin heads) exert their influence. This roughness effect diminishes as one
moves away from the wall, with excellent collapse occurring for y > 0.256. It should be noted that
while Puu collapsed outside the roughness sublayer for the RF2 case (y > 0.16), collapse between
the RF2 and smooth cases for pvv is not noted until y = 0.256. Finally, while RF1 and RF2 yield
opposing effects on Puu, they produce a nearly identical enhancement of Pvv for moderate r, despite
a factor of two difference in their characteristic roughness scales. This noted enhancement of the
streamwise extent of Pvv within the roughness sublayer is counter to the reduction in the spatial
extent of Pvv reported by Krogstad & Antonia (1994) for flow over wire mesh (both within and
outside the roughness sublayer) while the outer-layer similarity in Pvv reported herein is consistent
with the outer-layer similarity reported by Nakagawa & Hanratty (2001) for flow over a wavy
surface.

Finally, figures 30 and 31 present one-dimensional profiles of cross-correlation coefficients of
streamwise and wall-normal velocities, Puv and Pvu, respectively, at Reo ; 13000 for both smooth
and rough surfaces. These cross-correlations are given by

Puv(rx,Y;Yref) (u'(x, yref)V'(X + r, y)) (34)
Ou(Yref)Uv(Y)

and

pl,u(rx,yyref) = ('(x, y,.f)u'(x + rx, y))
Gv(Yref)au(Y) 

(35)

It is seen that within the roughness sublayer, the streamwise extents of Puv and Pvu are significantly
increased in the presence of roughness, with RF1 and RF2 yielding similar enhancements. Further
away from the wall, similarity in the cross correlations is observed, consistent with the similarity
noted in the autocorrelations outside the roughness sublayer.
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4.6 Summary

High-resolution PIV measurements are performed in the streamwise-wall-normal plane of a zero-
pressure-gradient turbulent boundary layer over both smooth and rough walls at Ree Z 8000 and
13000. Of particular interest is the fact that the roughness studied herein is quite distinct from
the idealized topographies normally studied in the laboratory (sand grain, wire mesh, etc.) in
that it is highly irregular and contains a broad range of topographical scales. Inner-scaled mean
velocity profiles over the rough surfaces display the expected downward shift of the log region by the
roughness function AU+. In addition, the mean velocity profiles are found to collapse in velocity
defect scaling irrespective of surface condition. This collapse supports the existence of outer-layer
similarity in the presence of the roughness studied herein.

The Reynolds normal and shear stresses are found to be significantly enhanced by the roughness
in an absolute sense, particularly for the RF1 case. However, excellent collapse of these stress
profiles is noted outside the roughness sublayer when scaled by u2, supporting the notion of wall
similarity. Similar collapse is noted when quadrant analysis is used to assess the contributions
from various Reynolds-stress-producing events to the overall mean Reynolds shear stress. These
observations of outer-layer similarity in the Reynolds stresses represent the first of their kind for
a highly-irregular surface topography at moderate 6/k, that is representative of what one might
encounter in a technologically relevant flow.

Two-point autocorrelations of streamwise and wall-normal velocity fluctuations indicate a mod-
ification of the underlying spatial structure of the flow within the roughness sublayer, particularly

a noted enhancement in the streamwise extent of Pvv for both rough-wall cases. It is also observed
that the degree of this enhancement depends on Reynolds number, with the lower-Re rough-wall
flows generating subtler deviations from smooth-wall flow. In addition, at Re0 ; 13000, the effects
of the two roughness conditions on Puu in the roughness sublayer are counter to one-another, with
RF2 yielding a slight enhancement in the streamwise extent of Puu relative to the smooth-wall
baseline as compared to a slight reduction produced by RF1. On the other hand, the lower-
Reynolds-number case indicates little effect of the RF2 surface on Puu. Despite the above noted
differences in the roughness sublayer, similarity is noted in both Puu and Pvv when the smooth- and
rough-wall cases are compared in the outer layer, consistent with the observations of Nakagawa &
Hanratty (2001) for flow over a wavy surface as well as the similarity noted in streamwise velocity
spectra for smooth- and rough-wall turbulent pipe flow by Allen et al. (2007). Therefore, while
the underlying structure of the turbulence appears modified slightly in the roughness sublayer, the
length scales of the outer-layer structure appear minimally affected in the presence of the roughness
topography presented herein. Further, the streamwise extents of the cross-correlation coefficients
of streamwise and wall-normal velocities, Puv and Pvu, are only influenced by roughness within the
roughness sublayer, as collapse is noted in the outer layer at both Re.

Finally, the present results suggest that the classical measure of - 3 - 5k for the outer extent
of the roughness sublayer as determined from idealized roughness studies holds well for the more
practical roughness topography studied herein. Unfortunately, while it was recently proposed by
Flack et al. (2005) that -- 5k, may be a more consistent measure of the roughness sublayer's outer
boundary., a lack of data below 5k, in the present effort does not allow a proper evaluation of this
proposition. Finally, it should be noted that wall similarity is noted in both the RF1 and RF2
cases, despite the fact that 6/k = 28 < 40 for RF1. In terms of 6/k,, both RF1 and RF2 satisfy
the threshold of 6/k, > 40 proposed by Flack et al. (2005) for the existence of wall similarity.
Therefore, the present results lend further support to the importance of 6/k 8, rather than 6/k. in
assessing whether wall similarity should be expected in a rough-wall flow.
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5 Turbulence modifications in the roughness sublayer

5.1 Background

As noted earlier, it is well-documented that turbulence is strongly affected in the immediate vicinity
of a rough surface. In particular, the wall-normal velocity fluctuations appear to be most sensitive
to rough-wall conditions (Raupach, 1981; Bandyopadhyay & Watson, 1988; Krogstad et al., 1992;
Krogstad & Antonia, 1999; Keirsbulck et al., 2002). It has also been extensively reported that these
modifications are often highly dependent on the details of the local surface conditions (Raupach,
1981; Bandyopadhyay & Watson, 1988; Raupach et al., 1991; Krogstad & Antonia, 1999; Keirsbulck
et al., 2002; Jimenez, 2004) and that such effects may be attributable to the local generation of
additional intense vortical structures in rough-wall flows via shedding from dominant topographical
features (Bandyopadhyay & Watson, 1988).

A rather significant body of literature exists documenting vortical structures generated by dis-
crete wall-mounted elements (and isolated wall disturbances, like blowing) in both laminar and
turbulent wall-bounded flows. Acarlar & Smith (1987a), for example, observed the periodic shed-
ding of hairpin-like vortices from a wall-mounted hemisphere in an otherwise laminar boundary
layer for 120 < ReR = fiR/v < 3400, where i is the streamwise velocity at the tip of the bump and
R is the height of the bump. The hairpin structures periodically shed from the hemisphere were
observed to convect downstream and this train of vortices generated an elongated low-momentum
region in the wake of the element. In addition, a stationary "necklace" vortex was observed to
form around the perimeter of the element whose legs extended well downstream of the hemisphere.
With regard to the influence of isolated roughness elements in a turbulent boundary layer, Cas-
tro & Robins (1977) studied the flow around a rather large surface-mounted cube (h/6 = 0.1,
where h is the linear dimension of the cube) in both laminar and turbulent boundary layers and
found that increased turbulence levels upstream of the cube reduced the size of the wake generated
downstream of the element. Savory & Toy (1986) also considered the flow downstream of a large
surface-mounted element (hemispheres with R/6 > 0.26) for smooth- and rough-wall upstream
flows and reported that if vortices are shed from the hemisphere their influence is certainly limited
to the region just downstream of the element. They conjectured that the absence of sustained
shedding and large-scale wakes was attributable to strong turbulence levels in the vicinity of the
element as well as the three-dimensionality of the flow. Similar lack of consistent shedding from
and persistent wakes downstream of large surface-mounted elements immersed in turbulent bound-
ary layers has also been reported in other studies (Schofield & Logan, 1990; Martinuzzi & Tropea,
1993).

Other studies have considered the influence of much smaller discrete roughness elements in
the presence of turbulence, particularly their impact within the near-wall region and the possible
generation of sustained wakes as an explanation for the increased turbulence levels observed in the
roughness sublayer. Bandyopadhyay & Watson (1988), for example, noted significant differences
in the vertical flux of the Reynolds shear stress, (u'v'), for smooth, 2-D (transversely grooved)
rough and 3-D rough surfaces. In the case of smooth and 2D rough conditions, it was suggested
that the net vertical transport of (u'v') away from the wall can be accounted for by the existence
of hairpin-like vortices that may be shed by the discrete roughness elements in the case of the
rough-wall flow. However, the observed transport of (u'v') toward the wall in the 3D roughness
case was interpreted in terms of an additional vortical structure, "necklace" vortices, that straddle
the 3D roughness elements near their bases. This latter explanation is quite consistent with the
structural observations of Acarlar & Smith (1987a) for laminar flow around an isolated surface-
mounted hemisphere. More recently, Tomkins (2001) performed detailed particle image velocimetry
(PIV) measurements for flow over ordered arrays of hemispheres. Significant modifications of the
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turbulence were observed just downstream of the elements; however, the flow was found to relax
toward a state consistent with smooth-wall turbulence rather quickly (,. 6) downstream of the
discrete hemispheres.

This section explores the turbulence heterogeneities generated in the immediate vicinity of

dominant topographical features of the RF1 surface within the roughness sublayer using the afore-
mentioned stereo PIV measurements in a streamwise-spanwise plane within the roughness sublayer
(y = 0.0656). The persistence of observed heterogeneities outside the roughness sublayer is also ex-
plored with stereo PIV measurements in a streamwise-spanwise plane inside the logarithmic region
but at the outer edge of the roughness sublayer (y = 0.156). Finally, structural explanations for
roughness-induced heterogeneities are considered and the wall-normal extent of these modifications
is documented.

5.2 Statistical imprints of the roughness

The turbulence statistics presented in section 4 indicate that roughness does indeed alter the quan-
titative values of the turbulence statistics in the roughness sublayer. Unfortunately, the x - y-plane

data used to assess the validity of outer-layer similarity does not provide sufficient information in
the immediate vicinity of the rough surface to effectively study these influences. The aforemen-
tioned PIV measurements in select streamwise-spanwise planes within and at the outer edge of the
roughness sublayer, however, provide an excellent opportunity to explore these differences in greater
detail. These quantitative differences can be further explored by computing various statistics of
the flow, including the ensemble-averaged mean velocity fields as well as the ensemble-averaged

Reynolds normal and shear stress fields in the measurement plane. These statistics can then be
used to answer several questions, including: Do certain roughness features generate consistent low-
and/or high-momentum regions? Are the turbulent stresses enhanced by dominant topographical
features and if so, then how localized are these modifications? Are there structural explanations
for any observed roughness-induced modifications? It should be noted that in the discussion that
follows, the smooth-wall statistics are omitted for brevity since, as should be expected, they all
appear uniform (within statistical sampling bounds) in the streamwise-spanwise planes of interest.
The focus is therefore upon the ensemble-averaged statistics for the rough-wall flow in streamwise-

spanwise planes at y = 0.0656 (within the roughness sublayer) and y = 0.156 (toward the outer
edge of the roughness sublayer).

To facilitate this discussion, the roughness topography spatially coincident with the streamwise-
spanwise PIV measurement planes is plotted in figure 32, with figure 32(b) highlighting topograph-
ical features that protrude into the flow relative to the mean elevation of the roughness (same as

figure 15). Several strong roughness protrusions above the mean elevation exist and are labeled
A-C in figure 32(b). Figures 33(a) and 33(b) present the ensemble-averaged streamwise velocity
fields, (u), normalized by the ensemble- and area-averaged streamwise velocity, U, at y = 0.0656
and y = 0.156, respectively for Reo = 14781 (Throughout, (.) implies an ensemble-averaged quan-
tity that retains its dependence on spatial location. In addition, data for Re0  8000 is not
presented for brevity but can be found in Wu (2008).). Weak reductions of the local mean stream-
wise velocity, less than 10% of U, are evident in the roughness sublayer [figure 33(a)] and occur at
spatial locations coincident with roughness protrusions A-C as identified in figure 32(b). There are,
however, no identifiable large-scale imprints of low- or high-momentum regions in the ensemble-
averaged streamwise velocity field within the roughness sublayer, indicating that such large-scale
flow features are not consistently generated by dominant roughness features. In addition, these
roughness-induced heterogeneities in (u) are found to be localized within the roughness sublayer
as the mean streamwise velocity field at y = 0.156 appears uniform (within statistical sampling
bounds) as shown in figure 33(b).
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Figure 32: (a) Surface contours of a portion of the roughness topography plotted as fluctuations
about the mean roughness height and oriented such that flow is from left to right. The stereo PIV
mleasurelment donlain is highlighted with the white rectangle. (b) Surface contours of the roughness
above the mean height coincident with the stereo PIV field measurement domain.
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Figure 33: Ensemble-averaged streamwise velocity, (u), normalized by the ensemble- and area-

averaged mean streamwise velocity, U. in st.reamwise--spanwise planes at. (a) y = 0.0656 and (b) y =

0.156 for flow over the RF1 surface at Re 0 = 14781.
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Figure 34: Ensemble-averaged wall-normal velocity, (v), normalized by the ensemble- and area-
averaged mean streamwise velocity, U, in the streamwise-spanwise plane at y = 0.0656 for flow
over the RF1 surface at Re 0 = 14781.

Figure 34 presents the normalized ensemble-averaged wall-normal velocity, (v)/U, within the
roughness sublayer at y = 0.0656 for Reo = 14781. Significant roughness-induced heterogeneities
in (v), almost 30% of U in some cases, are notable within the roughness sublayer but these modi-
fications are again localized around roughness features A-G. As with (u), there are no discernable
imprints of persistent wakes being generated downstream of roughness features A-G in (v). In ad-
dition, near the outer edge of the roughness sublayer, at y = 0.156, these localized roughness effects
are not noted as the mean wall-normal velocity field (not shown for brevity) displays uniformity
akin to that of (u) in figure 33(b).

Figure 35(a) presents the streamwise Reynolds normal stress in inner units, (u 2 )+, in the
streamwise-spanwise plane at y = 0.0656 for flow over the rough wall at Ree = 14781. In the
present analysis, the velocity fluctuations, ul, are computed as

u' (x, Y, z) = u (x, Y, z) - (U)(x, Y,z), (36)

where ui is the total instantaneous velocity and (ui) is the ensemble-averaged velocity as defined
earlier. As with the ensemble-averaged mean velocities, localized heterogeneities in (u 2 )+ are
noted throughout the measurement region. In particular, each of these regions represents a slight
reduction of (u'2 )+ relative to the background levels and they occur spatially coincident with
roughness features A-C. Further, there is again no evident of persistent wakes being generated
by dominant topographical events as elongated regions of modification in (u') + are not noted
downstream of roughness features A-G. Finally, the heterogeneities in (u'2 ) at y = 0.0656 appear
confined to the roughness sublayer as a relatively uniform (u 2 ) + field is observed for flow over the
rough wall at y = 0.156 [figure 35(b)].

Figure 36 presents the wall-normal Reynolds normal stress in inner units, (v' 2 ) +, in a streamwise-
spanwise plane within the roughness sublayer at y = 0.0656 for Reo = 14781. In contrast to (U'2) +
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Figure 35: Inner-scaled streamwise Reynolds normal stress, (t/2) +. in streamwise spanwise planes
at (a) y = 0.0636 and (b) y = 0.156 for flow over the RF1 surface at Re0 = 14781.
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Figure 36: Inner-scaled wall-normal Reynolds normal stress, (v' 2 )+ , in the streamwise spanwise
plane at y = 0.0656 for flow over the RF1 surface at Ree = 14781.

(v' 2 )+ shows rather significant enhancement locally around topographical features A-G compared
to the surrounding regions. Despite the intensity of these local heterogeneities in (v' 2 )+ within the
roughness sublayer, there is again no evidence of persistent wakes being generated downstream of
topographical features A-G and these heterogeneities diminish quickly as one moves further away
from the wall as (v') + at y = 0.156 (not shown for brevity) displays similar spatial uniformity
as (u") + at the same wall-normal location [figure 35(b)]. It should be noted that the strong en-
hancement of the wall-normal velocity fluctuations in the presence of roughness presented herein is
quite consistent with similar observations reported in the literature for flow over idealized roughness
(Krogstad et al., 1992; Krogstad & Antonia, 1999; Keirsbulck et al., 2002).

Figure 37 presents the spanwise Reynolds normal stress in inner units, (w/2)1, in the streamwise-
spanwise plane at y = 0.0656 for the rough-wall flow at Re0 = 14781. As was observed for (u'2 )+,
slight reductions in (w'2 )+ are noted locally around topographical features A-G. As with the other
normal turbulent stresses, these heterogeneities in (w'2 )+ diminish quickly as one moves further
from the surface as (w'2 )+ displays similar uniformity at y = 0.153 (not shown for brevity) as (U,2) +

and (v 2) +.
Finally, figure 38 presents the Reynolds shear stress in inner units, -(U/V) + , in a streamwise-

spanwise plane within the roughness sublayer at y = 0.0656 for Re0 = 14781. Significant hetero-
geneities in the Reynolds shear stress are noted locally around topographical features A-G, partic-
ularly a strong enhancement of ejection and sweep contributions to - (u'v') +. Therefore, while the
streamwise velocity fluctuations appear to be slightly muted by the roughness, particularly locally
around topographical features A-G, the simultaneous enhancement of the vertical velocity fluctua-
tions at the same spatial locations yields an overall enhancement of -(u'vI)+. As with the Reynolds
normal stresses, there is no evidence supporting the generation of persistent wakes downstream of
the dominant topographical features and these strong spatial inhomogeneities in -(u'v')+ decay
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Figure 37: Inner-scaled spanwise Reynolds normal stress, (w"2)+ , in the strearnwise-spanwise plane
at y = 0.0656 for flow over the RF1 surface at Re0 = 14781.

quickly with wall-normal position as -(u'v') + at y = 0.156 (not shown for brevity) appears with a
uniformity consistent with the Reynolds normal stresses.

5.3 Structural imprints of the roughness

All of the aforementioned turbulence statistics indicate isolated, and in some instances substantial,
modifications of the underlying turbulence locally around roughness features A-G. As noted earlier,
past studies of idealized roughness surmise that enhancement of turbulent velocity fluctuations in
the roughness sublayer is likely tied to the localized shedding of vortical structures from roughness
elements. It is therefore possible that the localized modifications noted in figures 33-38 may be
attributable to vortical structures shed locally by the dominant topographical features present in
the highly-irregular rough surface considered herein.

To further explore such a possibility, statistics of the wall-normal (out-of-plane) vorticity, w.,
are computed. Figure 39(a) presents the inner-scaled, ensemble-averaged wall-normal vorticity,
Q+ = (w,) + , in the streamwise-spanwise plane at y = 0.0656 for Reo = 14781. Heterogeneities
in 2 are noted coincident with roughness features A-G. In particular, Q. displays both a strong
local minimum and an intense local maximum slightly separated in the spanwise direction. Such a
signature is most notable near features B and F. These roughness-induced heterogeneities dimin-
ish rapidly as one moves farther away from the wall as the Py fields at y = 0.153 appear quite
uniform [figure 39(b)]. Spatially-coincident peaks near roughness features A-C are also evident
in the root-mean-square (RMS) of the wall-normal vorticity, ((W,+) 2 ) 1/ 2, presented in figure 40
(The RMS wall-normal vorticity field at y = 0.156 is not shown for brevity but displays similar
uniformity as Py at the same wall-normal position). These strong, localized heterogeneities in
the wall-normal vorticity statistics observed within the roughness sublayer could be the imprint of
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Figure 38: Inner-scaled Reynolds shear stress, -(u'v') + , in the streamwise-spanwise plane at y =

0.0656 for flow over the RF1 surface at Re0 = 14781.

vortical structures generated locally by roughness features A-G. However, it should be noted that
if persistent wakes were formed downstream of roughness features A-G, then one would expect to
observe relatively large-scale regions of non-zero f2y and/or ((w +) 2 )1/ 2 elongated in the streamwise
direction downstream of each roughness feature. No such elongated regions are noted in either
of the wall-normal vorticity statistics, the absence of which is consistent with the lack of wake
signatures in the turbulence statistics within the roughness sublayer.

Nevertheless, given the localized patterns observed in the ensemble-averaged and RMS wall-
normal vorticity fields within the roughness sublayer, one could interpret such characteristics as
slices through counter-rotating, wall-normal oriented pairs of vortical structures that are gener-
ated locally by roughness features A-G. Unfortunately, vorticity cannot serve as an unambiguous
identifier of embedded structure, particularly in wall-bounded flows, since it can be biased by
strong shearing motions as well. Therefore, the swirling strength (Aj), the imaginary portion of
the complex eigenvalues of the local velocity gradient tensor, is computed to determine whether
the heterogeneities in the ensemble-averaged and RMS wall-normal vorticity fields are indeed at-
tributable to in-plane swirling motions. Swirling strength is Galilean invariant and is superior to
vorticity as a vortex identifier, particularly in wall-bounded flows, because it only identifies regions
of rotation (Zhou et al., 1999). Figure 41 presents the inner-scaled RMS swirling strength field,
((A'+)2 )1 /2 in the streamwise-spanwise plane at y = 0.0656 for Re0 = 14781. Spanwise-separated
pairs of concentrated RMS swirling strength are indeed noted spatially-coincident with the concen-
trated regions of ensemble-averaged and RMS wall-normal vorticity presented earlier, indicating
that these spatial imprints are likely due to persistent counter-rotating pairs of in-plane swirling
motions generated locally by dominant roughness features. As with all the other turbulence statis-
tics, the RMS swirling strength at y = 0.156 (not shown for brevity) appears spatially uniform,
indicating that these structural heterogeneities are only prevalent in the roughness sublayer.
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Figure 40: Inner-scaled RMS wall-normal vorticity, ((w +)2 )1/2, in the streamwise-spanwise plane
at y = 0.0656 for flow over the RF1 surface at Reo = 14781.

Finally, the patterns noted in the ensemble-averaged and RMS wall-normal vorticity as well
as the RMS swirling strength at y = 0.0656 are quite consistent with what one would observe
if a hairpin-like vortex (or possibly an inclined ring-like vortex) were sliced in the streamwise-
spanwise plane. As noted at the beginning of this chapter, many past studies have observed vortex
shedding, both periodic as well as unsteady, from discrete roughness elements in both laminar
and turbulent boundary layers. Figure 42(a) illustrates a scenario for the present rough-wall case
by which hairpin-like structures could be shed from dominant roughness protrusions and how a
streamwise-spanwise measurement plane within the roughness sublayer would cut through such
a structure. Indeed, a counter-rotating pair of wall-normal vortices would be observed in the
measurement plane downstream of the roughness protrusion as illustrated in figure 42(b) and this
pattern is quite consistent with the patterns noted downstream of roughness protrusions in the
mean and RMS wall-normal vorticity and RMS swirling strength at y = 0.0653. However, while
such structures may be shed locally around these roughness protrusions, coherent "packets" of these
structures do not appear to advect downstream as evidenced by the lack of wake signatures in the
mean velocity fields and the various turbulence statistics presented above. As such, these structures
are likely shed in a highly unsteady manner, though at a consistent spatial location because the
counter-rotating pairs persist in the statistics wall-normal vorticity and swirling-strength statistics.,
but quickly become engulfed into the surrounding turbulence. Such a scenario is supported by past
studies that indicate high turbulence levels in the immediate vicinity of roughness elements tend to
suppress large-scale wake formation downstream of isolated roughness elements, albeit for idealized
roughness elements (Savory & Toy, 1986; Schofield & Logan, 1990; Martinuzzi & Tropea, 1993. for
example).
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Figure 41: Inner-scaled RMS swirling strength, ((A'+) 2) 1/ 2, in the streamwise-spanwise plane at
y = 0.0656 for flow over the RF1 surface at Re0 = 14781.
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Figure 42: (a) Three-dimensional schematic illustrating the scenario of hairpin-like structures being
shed locally from dominant roughness protrusions. (b) Spatial signature one would observe if the
hairpin-like structure in (a) were sliced by a streamwise-spanwise measurement plane within the
roughness sublayer.
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5.4 Summary

The stereoscopic PIV measurements in a wall-parallel plane within the roughness sublayer reveal
strong turbulence modifications spatially-coincident with dominant roughness features of the highly-
irregular topography considered herein. In particular, intense heterogeneities in the wall-normal
Reynolds normal stress, the Reynolds shear stress and the mean and RMS wall-normal vorticity are
observed locally around intense protrusions of the roughness into the flow. Of interest is that the
noted enhancement of the wall-normal velocity fluctuations presented herein is quite consistent with
similar observations made for flow over idealized rough surfaces (Krogstad et al., 1992; Krogstad
& Antonia, 1999; Keirsbulck et al., 2002). However, persistent wakes downstream of these domi-
nant roughness features are not observed in any of turbulence statistics, indicating that if vortical
structures are shed from these features they only influence the flow locally. Further, the roughness-
induced heterogeneities are confined within the roughness sublayer as the turbulence statistics
computed from stereo PIV measurements in a streamwise-spanwise plane toward the outer edge of
the roughness sublayer at y = 0.156 relax toward a spatially homogeneous state. Finally, mean and
RMS wall-normal vorticity fields in the roughness sublayer, in concert with statistics and spatial
distributions of the swirling strength, indicate that counter-rotating pairs of wall-normal-oriented
vortices are locally generated around dominant topographical events. This spatial signature is quite
consistent with what one would observe if a hairpin-like or inclined ring-like vortex were sliced in
the streamwise-spanwise plane.

Further, the results of this chapter provide an indication that the flow regions that are directly
affected by roughness have a dependence on Re. As such, the thickness of the roughness sublayer
should reflect such a dependence. Therefore, although the results in section 4 confirm that using
roughness height (3 - 5k) to define the extent of roughness sublayer is still appropriate for the
current rough surface, a more appropriate representation that embodies Re may help explain subtle
contradictions in the literature regarding the wall-normal extent of the roughness sublayer.
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6 Structural characteristics of the rough-wall flow

6.1 Background

As noted earlier, vortical structures are thought to contribute significantly to momentum transport
in smooth-wall turbulence. The various observations reported in the literature in this regard are
summarized in detail in section 1. In particular, the outer layer of smooth-wall turbulence appears
dominated by coherent trains of hairpin-like structures aligned in the streamwise direction. These
hairpin vortex packets collectively induce strong ejections of fluid away from the wall which con-
tribute heavily to the mean Reynolds shear stress, (u'v'). These large-scale structures, as well as the
individual vortices within a packet, leave distinct imprints in instantaneous velocity realizations in
both the streamwise-wall-normal and streamwise-spanwise planes as well as in the spatial statistics
of the flow. In particular, the spatial velocity correlations mimic many of the spatial characteristics
of hairpin vortex packets, from the elongated streamwise extent and inclination of Puu away from
the wall which are interpreted as the imprint of vortex packets to the compact coherence of Pvv
which is more representative of the spatial domain over which individual hairpin-like structures
exert their influence (Christensen, 2001, for example).

The impact of roughness on the structure of wall turbulence has also been investigated, although
much less so than smooth-wall turbulence. Of particular interest is the fact that conflicting evidence
exists regarding the impact of roughness on both the near-wall and outer-layer structure. For
example, while Krogstad & Antonia (1994) observed as significant reduction in the streamwise
extent as well as a dramatic increase in the inclination angle of Puu for flow over wire mesh, other
studies have reported no observable differences in this regard. In particular, Nakagawa & Hanratty
(2001) reported strong consistency in both the streamwise length scale and inclination angle of
p... for flow over a wavy surface in turbulent channel flow. More recently, Volino et al. (2007)
reported a slight reduction in the streamwise extent of p,, but no change in its inclination angle
for turbulent flow over wire mesh. It should be noted that all of these studies employed simulated
roughness characterizations to study the impact of roughness on the structure of wall turbulence.
With regard to more practical roughness characterizations, Allen et al. (2007) reported collapse
of streamwise velocity spectra in the outer region of turbulent pipe flow roughened in a manner
consistent with the "industrial" roughness considered by Colebrook (1939).

Other recent studies of rough-wall turbulence have employed proper orthogonal decomposition
(POD) to study the impact of roughness on the spatial character of wall turbulence. Since its
introduction to the study of turbulence by Lumley (1967), POD has become one of the most
important tools for objectively identifying the dominant spatial features and events in smooth-wall
turbulence (Bakewell & Lumley, 1967; Moin & Moser, 1989; Ball et al., 1991; Sirovich et al., 1991;
Liu et al., 1994, 2001; Liberzon et al., 2005; Gurka et al., 2006, among others). In POD, a set
of orthogonal spatial eigenfunctions, or eigenmodes, are generated based on an ensemble of data.
These POD modes form an optimal basis of the flow in the sense that the energy content of the
basis converges faster than any other basis set (Berkooz et al., 1993; Holmes et al., 1996). These
basis functions can then be used to form low-order models of the flow upon which instantaneous
flow realizations can be projected upon to generate low-pass- and high-pass-filtered fields. Several
recent studies have attempted to use POD to investigate the large-scale structures in rough-wall

turbulence. Gunther & von Rohr (2003) performed POD of the velocity field measured by PIV in a
developed turbulent channel flow between a sinusoidal bottom wall and a flat top wall at Reynolds
numbers (based on bulk velocity and half-height of the channel) of 3800 and 7300. They found
that the dominant eigenfunctions had a characteristic spanwise scale of about 1.5 times the wall
wavelength. A. Smaller structures obtained from the POD analysis were observed at locations with
maximum Reynolds shear stress. The dynamics of these large-scale structures with a spanwise
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scale of 1.5A were explored further by Kruse et al. (2003) using POD analysis of the velocity fields
measured in the same wavy-wall channel. The meandering motion of these large-scale structures
was followed over 6 seconds convecting downstream over a length of about 65 wall wavelengths and
it was determined that this meandering provided a mechanism of momentum and scalar transport
between the wavy-wall and the bulk flow. Sen et al. (2007) applied snapshot POD in a DNS of
turbulent channel flow with 3D egg-carton roughness elements at Re, = 180. Their one-dimensional
analysis revealed that the POD energy converged slower for the rough-wall flow than for the smooth-
wall flow due to a larger range of dynamically-important spatial scales in the rough-wall flow. They
used the first few most energetic POD modes to reconstruct the Reynolds stresses and found that
the first ten modes were sufficient for capturing both the location and the amplitude of the peak in
the streamwise Reynolds normal stress. Two-dimensional POD results in the wall-normal-spanwise
(y - z) plane revealed a decreased spanwise length scale for the first (most energetic) POD mode
but an increased spanwise length for the second mode in the rough-wall flow when compared with
the smooth-wall flow. They also observed that in the streamwise-wall-normal plane, the length
scale of the first POD mode was decreased in the presence of roughness.

This section is devoted to a comparison of the underlying structural character of turbulent flow
over the RF1 surface with that of smooth-wall turbulence at Reo Z 13000 [It should be noted that
the results presented in this section for Reo 6 : 13000 are quite consistent with the trends observed
in identical analysis of the Reo z: 8000 cases. As such, all plots pertaining to the Reo ; 8000
cases are not shown for brevity but can be found in Wu (2008).]. Representative instantaneous
velocity realizations in both the streamwise-wall-normal (x - y) and streamwise-spanwise (x - z)
planes are presented first as a means of identifying the dominant spatial characteristics of flow over
both the smooth and RF1 surfaces. The spatial characteristics of velocity and swirling strength
correlations are then explored in the x - z measurement planes as well as the x - y plane as a
means of identifying quantitative modifications imposed by roughness on the underlying spatial
structure of the flow compared to smooth-wall turbulence. Finally, conditional averaging and POD
are employed to explore these similarities and differences further.

6.2 Instantaneous structure

Figure 43(a) presents a representative instantaneous velocity realization acquired in the streamwise-
wall-normal (x - y) plane of the smooth-wall flow at Reo = 11943 visualized with a constant
advection velocity of 0.77U, removed. Several swirling motions with clockwise rotation are noted in
this realization and are referred to as prograde spanwise vortices since they have the same rotational
sense as the mean shear. These vortices appear aligned in the streamwise direction and form an
interface inclined slightly away from the wall over the field of view beneath which exists a large-scale
region of streamwise momentum deficit. This coherent organization of structures is interpreted as
a slice through a hairpin vortex packet by the streamwise-wall-normal measurement plane whereby
the spanwise prograde vortices represent slices through the heads of the individual hairpin structures
(Adrian et al., 2000). In addition, the large-scale region of low momentum fluid enveloped beneath
the inclined interface of the packet is attributable to the mutual induction of the vortices within
a packet. As a part of this induction, each vortex generates a strong ejection (Q2 event) of low-
momentum fluid away from the wall just upstream and below its head and these ejection events are
thought to contribute significantly to the production of turbulent shear stress. The strength of these
ejection events is quite evident in figure 43(b) which presents instantaneous u'v' computed from
the fluctuating velocity field associated with figure 43(a). Line contours are overlaid on this u'v'
field illustrating the outer boundary of the low-momentum region of this hairpin packet. Intense,
negative u'v' is observed over much of the region below the inclined interface of the packet due to the
strong ejections (Q2 events) induced by these vortical structures. Finally, the vortical activity levels
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present in this instantaneous realization can be seen in figure 43(c) which presents instantaneous
swirling strength (Ai computed from the velocity field in figure 43. The sign of the instantaneous
fluctuating spanwise vorticity, u.;, is assigned to )ci to aid in distinguishing between prograde
(negative w,; clockwise) and retrograde (positive w,; counterclockwise) spanwise vortices. Several
negative patches of Aj line up along the inclined interface outlined by the line contours showing the
outer edge of the low-momentum region. These patches are spatially coincident with the swirling
motions evident figure 43(a) and are interpreted as the Ai imprint of the hairpin vortex heads.
Although less numerous, there still exist several positive Ai patches that represent retrograde
spanwise vortices. Wu & Christensen (2006a) found that these counterclockwise-rotating retrograde
spanwise vortices have their largest populations toward the outer edge of the log layer where they
generally occur in close proximity to prograde spanwise vortices. Natrajan et al. (2007) found that
these spatially-coincident pairs of prograde and retrograde spanwise vortices may be linked to the
measurement plane slicing through the shoulders of omega-shaped hairpin-like structures.

Figure 44(a) illustrates a representative instantaneous velocity field in the x - y plane for flow
over the RF1 surface at Re0 = 14781 visualized with a constant advection velocity of 0.72U,
removed. The character of this field is quite similar to that in figure 43(a) for smooth-wall flow
as several prograde spanwise vortices are observed to align roughly in the streamwise direction,
forming an inclined interface beneath which a region of significant streamwise momentum deficit
exists. The instantaneous u'v' field associated with this velocity field [figure 44(b)] shows the
generation of intense, negative u'v' via ejections of low-speed fluid away from the wall beneath
the inclined interface of the packet (shown as line contours). Of interest, the size of the spanwise
vortices appears to be slightly reduced in the rough-wall case when one compares the instantaneous
A (i field [figure 44(c)] for the rough-wall velocity field in figure 44(a) with that from the smooth-
wall realization [figure 43(c)]. Nevertheless, prograde spanwise vortices (negative patches of A,i)
still appear spatially coincident with the inclined interface of the low-momentum region, indicating
that hairpin vortex packets still represent an important structural attribute of flow over the RF1
surface.

While figures 43 and 44 illustrate the imprint of the spatial organization present in flow over
both smooth and RF1 surface conditions within the x - y plane, these structures also leave a
definitive imprint within velocity fields acquired in the streamwise-spanwise (x - z) plane. Fig-
ure 45(a) presents a representative instantaneous fluctuating velocity field in a wall-parallel plane
at y = 0.0656 for the smooth-wall case at Re0 = 11943. The in-plane velocity components (u', w')
are shown as vectors while the out-of-plane velocity component, v', is presented via background
contours. Two dominant large-scale events are notable in this field: an elongated low-momentum
region (u' < 0; labeled 'LMR') and an elongated high-momentum region (u' > 0; labeled 'HMR').
It should be noted that the wall-normal position of this PIV measurement plane is well within the
logarithmic layer so these low- and high-momentum regions are distinct from the near-wall low-
and high-speed streaks first observed by Kline et al. (1967) in the vicinity of the viscous sublayer.
Numerous swirling motions are noted along the boundaries of these elongated regions and intense
ejections of fluid away from the wall (v' > 0) and sweeps of fluid toward the wall (v' < 0) oc-
cur spatially-coincident with these low- and high-speed regions. These intense wall-normal velocity
fluctuations, in concert with strong streamwise velocity fluctuations, generate intense instantaneous
contributions to the Reynolds shear stress, (u'v'). The spatial footprints of these low- and high-
momentum regions can be clearly seen in figure 45(b) which presents contours of instantaneous
streamwise velocity, u, normalized by the ensemble- and area-averaged mean velocity, U. These
elongated regions of relatively constant streamwise momentum extend 0(6) in the streamwise direc-
tion and are quite consistent with the streamwise-spanwise smooth-wall PIV observations reported
by Tomkins & Adrian (2003) and Ganapathisubramani et al. (2003). Figure 46(a) presents uV
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contours computed from the instantaneous velocity field of figure 45 with line contours outlining
the low- (white) and high-momentum (black) regions. It is clear that the most intense u'v' events
occur within these LMR's and HMR's. Further, the wall-normal swirling motions outboard of the
LMR's and HMR's can be clearly identified in figure 46(b) which presents contours of A'i for this
velocity realization. In particular, opposing-sign Ai is noted along the spanwise boundaries of these
regions. From a structural viewpoint, the LMR bounded by swirling motions and within which
intense u'v' events are noted is consistent with what one would observe if a streamwise-aligned
hairpin vortex packet were sliced in a wall-parallel plane within the log layer. In particular, the
LMR itself represents a slice through the region of relatively uniform streamwise momentum deficit
generated by the collective induction of the vortices in a packet, the swirling motions bounding the
LMR represent slices through the legs/necks of the individual hairpin structures and the intense
uv' events noted within the LMR are the footprint of Reynolds-stress-producing events induced by
the individual vortices in the packet. it should also be noted that these features are quite consistent
with the patterns noted in slices of hairpin packets in the streamwise-wall-normal plane (figures 43
and 44). In contrast, the HMR can be interpreted as a region of relatively high-momentum fluid
formed outboard of the hairpin packets due to the collective induction of the vortices which draw
high-momentum fluid and pump it towards the wall. These sweeps of high-momentum fluid toward
the wall also contribute significantly to the overall Reynolds shear stress as is evident in figure 46(a).

Similar qualitative spatial characteristics are noted in figure 47(a) which presents a representa-
tive instantaneous velocity realization in a wall-parallel plane at y = 0.0656 = 1.7k for flow over the
RF1 surface at Re0 = 14781. Low- and high-momentum regions are noted in this realization as well,
with their spatial extents highlighted in figure 47(b) (contours of instantaneous streamwise velocity
normalized by the ensemble- and area-averaged mean velocity). Of note is the rather significant
enhancement of the intermittent v' events, relative to the smooth-wall example in figure 45(a), that,
coupled with strong u' events, generate ejections and sweeps of fluid away from and toward the
surface, respectively, as can be seen in figure 48(a) which presents instantaneous u'v' for this veloc-
ity realization (with line contours demarcating the boundaries of the LMR and HMR). Apart from
this clear difference between the smooth- and rough-wall realizations, as well as the slightly smaller
wall-normal vortices evident in the rough-wall case compared to the smooth-wall flow [figure 48(b)],
the spatial character of this instantaneous velocity field is quite consistent with the smooth-wall
field in terms of the occurrence and streamwise extents of the low- and high-momentum regions as
well as the existence of swirling motions along their boundaries. Therefore, the qualitative aspects
of the spatial structure of the turbulence appears to be consistent between the smooth and rough
cases despite this measurement occurring in quite close proximity to significant surface defects in
the rough-wall case.

Finally, figure 49 presents a representative velocity realization in the x - z plane further from
the wall (y = 0.156) for smooth-wall flow at Re0 = 11943 (the u'v' and A'i fields are shown in
figure 50) while figure 51 presents a representative field for flow over the RF1 surface at the same
wall-normal location (the u'v' and Ai fields are shown in figure 52). Both of these realizations show
strong consistency both in the occurrence of LMR's and HMR's and in the generation of intense.
negative u'v' events within these regions and the occurrence of opposing-sign swirling motions at
the spanwise boundaries of these elongated regions. It should be noted that the differences in
the intensity of v' as well as differences in the diameters of the vortex cores between smooth- and
rough-wall flow closer to the wall appear to have diminished at this wall-normal location. Similar
characteristics are also observed in instantaneous velocity realizations of smooth- and rough-wall
flow at Reo;-9 8000 [see Wu (2008)].

The qualitative consistencies between these smooth- and rough-wall instantaneous fields indicate
that LMR's and HMR's are robust spatial features of both flows, even very close to the surface where
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Figure 45: A representative instantaneous velocity realization in the strearniwise-spaniwise plane at
y = 0.0633 for flow over a smooth wvall at Reo = 11943. (a) Fluctuating in-plane ve]ocities (u', iv")
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(b) Contours of normalized streamwise velocity. u/U. where U represents the ensemble- and area-
averaged streamwise velocity.
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velocities (W'. ul) are presented as vectors and the fluctuating out-of-plane velocity, v', is presented
as contours. (b) Contours of normaliz.ed streamuwise velocityl +u1U, where U represents the ensemble-
and area-averaged streamwise velocity.
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Figure 48: Instantaneous (a) turbulent shear stress, u'V, and (b) swvirling streng-th. A,i, computed
from the instantaneous velocity realization presented in figure 47. Line contours of low- (white:
0.83U) and high-momientum (black: 1.15U) regions are presented in the b)ackgroundl.
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Figure 49: A representative instantaneous velocity realization in the strearnwise-spanwise plane at
y = 0.156 for flow over a smooth wall at Reo = 11943. (a) Fluctuating in-plane velocities (u , w )

are presented as vectors and the fluctuating out-of-plane velocity. v', is presentedt as contours.
(b) Contours of nornialized streamwise velocity. u1U. where U represents the ensemble- and area-

averaged strearnwise velocity.
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Figure 50: Instantaneous (a) turbillent. shear stress, u'v'. and (b) swirling strength. A,-2 computed
from the instantaneous velocity realization presented in figure 49. Line contours of low- (white-,
0.85U) and high-monienturn (black: 1.15U) regions are presented in the background.
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Figure .51: A representative instantaneous velocity realization in the streanwise-spanwise plane
at Ij 0.156 =3.9k for flow over the RFI surface at Reo = 14781. (a) Fluctuating in-plane
velocities (ij', u)') are presented as vectors and the fluctuating out-of-plane velocity, v', is presented
as contours. (b) Contours of normalized streamwise velocity. u/U, where U represents the ensemble-
and area-averaged streamwise velocity.
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Figure 53: Probability density functions of normalized streamwise velocity, u/U, in the streaniwise-
spanwise plane for Re0 ; 13000 at (a, b) y = 0.0656 and (c, d) y = 0.156 for flow over the smooth
and RFI surfaces, respectively.

roughness effects can be intense. Quantitatively, however, in addition to the obvious enhancement
of v' in the presence of roughness, the excursions of the instantaneous streamwise velocity, u, about
the mean, U, appear to be much stronger in the rough-wall case when figures 45(b) and 47(b)
(y = 0.0656 fields) as well as figures 49(b) and 51(b) (y = 0.156 fields) are compared. The exact
extent of these excursions can be quantified by ensemble-averaged probability density functions
(pdf's) of the normalized instantaneous streamwise velocity, u/U, as presented in figures 53 for the
smooth- and rough-wall cases at both y = 0.0656 and 0.156 for Re0 ; 13000. While the excursions
of u about the mean are no more than 20% in the smooth-wall case at y = 0.0656, these excursions
can exceed 40% in the RF1 case. At y = 0.156, these excursions are again less than 20% for the
smooth-wall case but still 30% in the rough-wall case.

Given the differences noted in the excursions of u about U, it is of interest to compare the
contributions of these LMR's to various turbulence quantities of interest ((u/v'), for example)
for flow over the smooth and RF1 surfaces. Low-momentum regions are chosen for this analysis
particularly because they are likely attributable to the induction of hairpin vortex packets and the
u'v' events noted within LMR's are attributable to ejections generated by the individual vortices
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within packets. To facilitate this analysis, a threshold, Uth, on an LMR is established (some fraction
of the ensemble- and area-averaged mean streamwise velocity, U) and an indicator function, I, is
assigned at every gridpoint in the j'h velocity realization as

I 1, when u(xj,zj) < Uth
I(x,, z; Uth) = jO, otherwise, (37)

to distinguish between gridpoints that meet the LMR threshold and those that do not (This method-
ology is identical in spirit to the quadrant analysis method discussed in chapter 3 but with a different
physical threshold). The contributions of the LMR's identified with a given threshold Uth to a given
quantity of interest, S, are then assessed as

(S) (Uth) jW M1M(8
pZZZ S(x, zj)I(X, Zj;Uth), (38)

a1iX aliz j=l

where M is the total number of velocity realizations while P is the total number of gridpoints within
a velocity realization (in both the x and z directions) and (S) can be any turbulence quantity of
interest (Reynolds normal or shear stresses, turbulent kinetic energy, etc.). In addition, the fraction
of space, N, occupied by the LMR's satisfying the Uth threshold can be evaluated as

N(Uth)- MP (39)

where the summation is over all realizations and gridpoints.
The results of this analysis are presented in table 5.1 for smooth- and rough-wall flow at Re

13000 at both y = 0.0656 and 0.156. Contributions to (u'v'), the Reynolds normal stresses ((u'2 ),
(v' 2 ) and (w'2 )) and the turbulent kinetic energy ((q,2)) within LMR's for Uth 0.9U, O.8U and 0.7U
are tabulated. For Uth = 0.9U (a weak threshold on LMR's since it includes most all possibilities),
the contributions of LMR's to (u'v'), (u'2), (w' 2 ) and (q2) are all quite similar between the smooth-
and rough-wall flows (46% versus 50% for (u'v') at y = 0.0656, for example). However, the fraction
of space occupied by LMR's satisfying Uth = O.9U is 10% higher in the case of flow over the
RFl surface and the percent contribution of these regions to (v' 2 ) is doubled in the presence of
roughness. Further, while the space fraction (0.2%) and associated contributions to the various
turbulence statistics (< 1.5%) for Uth = 0.7U are all minimal for smooth-wall flow at y = 0.0656,
they are all an order of magnitude larger for the RF1 case, most notably a space fraction of 5%
and a contribution to (u'v') of 19%. This result highlights the increased importance of LMR's with
quite large streamwise momentum deficits in the rough-wall case. The same general trends hold for
the contributions of LMR's to the turbulence statistics at y = 0.156 though the differences between
the smooth- and rough-wall cases are less. This wall-normal trend is consistent with a weakening
influence of roughness as one moves away from the rough surface as was observed in chapters 3 and
4.

6.3 Two-point spatial correlation coefficients

As noted previously, spatial correlations involving two- or more points of interest contain a wealth
of information regarding the average spatial structure of a flow. In the context of the present work,
modifications of the underlying structure of the flow in the presence of roughness can be further
explored by directly comparing various spatial correlations of smooth-wall flow to those computed
for flow over the RF1 surface. In its most general form, the two-point spatial correlation coefficient
between two arbitrary quantities, p and q, is defined by

pq(X.iX) = (p(xo)q(x)) (40)

8xP(X8)Or(x)'
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Table 6: Contributions of LMR's to the Reynolds stresses and turbulent kinetic energy, (q2), at
Reo t 13000 for flow over the smooth and RF1 surfaces.

y = 0.0656

Uth - ( 1,Z)') (U'
2

) (V' 2
) (W 2 ) (q2

) Space Fraction, N

0.9U 46% 43% 14% 29% 34% 21%
Smooth 0.8U 18% 16% 4% 5% 12% 4%

0.7U 1.3% 1.2% 0.3% 0.1% 0.8% 0.2%
0.9U 50% 47% 31% 27% 40% 31%

RF1 0.8U 39% 36% 16% 12% 27% 15%
0.7U 19% 18% 6% 4% 13% 5%

y = 0.156

Uth -(u'v') (u'2 ) (0/2) (w' 2 ) (q2) Space Fraction. N

0.9U 44% 40% 21% 15% 31% 16%
Smooth 0.8U 12% 10% 4% 2% 7% 2%

0.7U 0.4% 0.3% 0.1% 0.02% 0.2% 0.03%
0.9U 51% 48% 31% 26% 39% 26%

RFI 0.8U 34% 31% 13% 9% 22% 9%
0.7U 12% 11% 3% 2% 7% 2%
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where x. and x are the points of interest and orp and aq are root-mean-square (RMS) values of p and
q, respectively. This representation can be simplified by noting that the spanwise (z) direction of a
zero-pressure-gradient turbulent boundary layer is homogeneous and the streamwise (x) direction
can be considered approximately homogeneous for the fields of view under study since the boundary-
layer thickness grows slowly with x. As a result, the two-point spatial correlation coefficient ppq is
only a function of (y, Yref, Ax, Az), where Yref is the wall-normal reference location and Ax and Az
are spatial separations in the streamwise and spanwise directions, respectively (Kovasznay et al.,
1970; Krogstad & Antonia, 1994; Ganapathisubramani et al., 2005). For velocity measurements
residing in a streamwise-spanwise (x - z) plane at a wall-normal position y, the representation for
ppq reduces to

Ppq(Ax, Az;y) = (p(xo, zo; y)q(xo + Ax, zo + Az; y))
aCp(y)q(y) (41)

Similarly, for velocity measurements residing in the streamwise-wall-normal (x - y) plane, pp
reduces to

% (p(x, y,f )q(x + Ax, y))
p(AX,Y;Yef) = ap(y.f)aq(y) (42)

These correlation coefficients are computed using fast Fourier transforms (FFT) in a manner consis-
tent with many recent studies of spatial correlations in wall-bounded turbulent flows (Christensen,
2001; Christensen & Wu, 2005; Ganapathisubramani et al., 2005, among others). The FFT method-
ology employed was verified by comparing a few representative correlations computed in this manner
with results achieved by computing the correlations directly in physical space. The two methods
yielded identical results.

6.3.1 Streamwise velocity (Puu)

Figure 54 presents Puu in a streamwise-spanwise (x - z) plane positioned at y = 0.0656 for flow over
the smooth and RF1 surfaces at Reo 7 13000. Despite the fact that this wall-normal location is
within the roughness sublayer, there exists little qualitative difference between p,u over the smooth
and rough surfaces as they are both elongated in the streamwise direction and are bounded by weak
negative, yet streamwise-elongated, correlations in the spanwise direction. These characteristics
are quite consistent with previous observations of p, over smooth walls and are likely attributable
to the streamwise-aligned, spanwise-alternating LMR's and HMR's (Ganapathisubramani et al.,
2005; Tomkins & Adrian, 2003). In fact, the streamwise and spanwise extents of p,, are quite
consistent with the streamwise and spanwise length scales of the LMR's and HMR's noted in the
instantaneous velocity realizations presented in section 6.2 at this wall-normal location for both
smooth- and rough-wall flows (figures 43-48). As noted earlier, LMR's are thought to be generated
by the collective induction of multiple hairpin-like vortices in hairpin vortex packets while HMR's
usually occur outboard of the hairpin packets due to the induction of higher-speed fluid toward
the wall by the rotational sense of the hairpins. Consistent with instantaneous evidence, these
correlations further support the observation that LMR's and HMR's are dominant flow patterns
in the rough-wall flow. However, while strong qualitative consistency exists in puu for smooth-
and rough-wall flow, quantitative differences do exist. For example, the streamwise extent of the
Pu, = 0.3 contour level is approximately 0.86 over the smooth wall but only 0.66 for flow over the
RF1 surface. In contrast, the spanwise extents of Pu, are quite similar between the smooth- and
rough-wall cases. It should be noted that Krogstad & Antonia (1994) reported a reduction of a
factor of two in the streamwise extent of the p,, = 0.3 contour level for flow over wire mesh at
Re0 z 6000 but reported no difference in the spanwise extent of puu.

A quantitative comparison of Putt in smooth- and rough-wall flow at y = 0.0656 is shown in
figures 55(a) and 55(b) which presents one-dimensional profiles of p,u from figure 54 in the spanwise

90



(a)

-0.6

-04 -- -

-0.2

N. 0

0.3 0

0.2

---------0-------------------------------- *-)~

0.4 - - - - --- -- 0.1-- - - - - - - - - -- -

0.6

-0.75 -0.5 -0.25 0 0.25 05 0.75
Ax/5

(b)
_0.6

-0.4 -- - - -0.1 ---- - - - - - - - --- 0.1 -- -

0.3 0.3

0.3

UCO

0.3 0.

0.1 0.i

0 2
--. - - -- -- - - - - -- -

O.4A- ------------------- 01-----------------

0.6

-0.75 -0.5 -0. 25 0 0.25 0.5 0 75

Ax/5

Figure 54: Streamwise velocity correlation coefficients, PUIL in the x - z plane at y= 0.0653 for
Reo 0 - 13000. (a) Smooth: (b) R.F1. Contour levels are -0.1, 0.1. 0.3. 0.5. 0.7 anid 0.9.
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Figure 55: One-dinensional profiles of P.u from figure 54 in the (a) spanwise (Ax = 0) and

(b) streamwise (Az = 0) directions at. y = 0.0655 for Re0 : 13000. : Smooth; A: RF1.

and streamwise directions, respectively. One-dimensional profiles of Puu in the spanwise direction
(Ax = 0) confirm little effect of roughness on the spanwise extent of Puu at y = 0.0656 as the smooth-

and rough-wall profiles collapse. In contrast, the streamwise profile of Puu (Az = 0) for rough-wall
flow is found to be reduced compared to the smooth-wall result, particularly for Ax > 0.1J. Since
the streamwise extent of p,u is representative of the streamwise length scales of LMR's and HMR's
which are thought to be the byproducts of hairpin vortex packets, this reduction in the streamwise
extent of Pu, may indicate an overall reduction in the streamwise scales of these packets. Such
a reduction could manifest itself either via a reduction in the streamwise spacing of consecutive
vortices in a packet or possibly through an alteration in the vortex regeneration mechanism thought

to be the impetus for this organization (Zhou et al., 1996, 1997, 1999). Alternatively, recalling
that LMR's and HMR's have been observed to extend 5 - 106 in the streamwise direction while
meandering in the spanwise direction Hutchins & Marusic (2007), roughness may enhance this
spanwise meandering which would manifest itself as a reduction in the streamwise coherence of Pun

along a fixed spanwise position.
Figure 56 presents Pu in an x-z plane positioned at y = 0.156 for flow over the smooth and RF1

surfaces at Re0 ; 13000. The qualitative features of p,, at this wall-normal location are consistent
with its general character closer to the wall: Puu is elongated in the streamwise direction and the

positive correlation region is bounded in the spanwise direction by weaker, yet still elongated, nega-
tive correlation regions. Again, these patterns are interpreted as the imprint of spanwise-alternating
LMR's and HMR's. However, several things become immediately apparent upon comparing PuU at
y = 0.0656 and y = 0.153. First, the spanwise extents of puu have increased (but are still quite
similar between the smooth- and rough-wall cases), consistent with previous observations of span-
wise scale growth in wall turbulence (Tomkins & Adrian, 2003; Ganapathisubramani et al., 2005).

Second, the rough-wall and smooth-wall streamwise extents are considerably more comparable than
at. y = 0.0656. although p,u for the RF1 case is still slightly reduced compared to the smooth-wall
result.

The character of Puu, particularly differences between smooth- and rough-wall flow, can also
be explored in the streamwise-wall-normal plane. Unfortunately, due to intense laser reflections

from the surfaces velocity data is not available for evaluation of Puu at y = 0.0656 in the x - y
plane. However, P,u can be evaluated and compared at y = 0.153. Figure 57 illustrates p,, in
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Figure 36: St.rearnwise velocity correlation coefficients, p,,,, in the x - z plane at y= 0.153 for
Reo 0 13000. (a) Smooth; (b) BEL. Contour levels are -0.1, 0.1, 0.3, 0.5. 0.7 and 0.9.
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the x - y plane for flow over both smooth and RF1 surfaces at Yref = 0.156 for Re0 ; 13000.
As should be expected from the character of Puu in the x - z planes, p, is quite elongated in
the streamwise direction as well as inclined slightly away from the wall at its downstream end for
both smooth- and rough-wall flow. This inclination is quite consistent with the inclination noted
in instantaneous snapshots of hairpin vortex packets and is therefore interpreted as a structural
imprint of such entities (Christensen & Adrian, 2001; Christensen, 2001; Christensen & Wu, 2005).
It should be noted that Krogstad & Antonia (1994) observed a significant increase in the inclination
angle of Puu from 100 in smooth-wall flow to 38' for flow over wire mesh. However, the present
results indicate a consistency in the inclination angle of Puu for the smooth- and rough-wall cases
considered herein.

A quantitative comparison of Puu at y = 0.156 for the smooth- and rough-wall cases can be
made by plotting one-dimensional profiles of p, in the spanwise, streamwise and wall-normal
directions [figures 58(a), 58(b) and 58(c), respectively]. The comparisons in the spanwise (Ax = 0)
and streamwise (Ay = 0) directions are achieved using the x - z plane data while the comparison
in the wall-normal direction is accomplished using the x - y plane data. As the two-dimensional
correlations in figure 56 suggest, the RF1 surface has little impact on the spanwise extent of pu as
the smooth- and rough-wall results collapse well. As was the case at y = 0.0656, a slight reduction
in the streamwise extent of puu is still observed at y = 0.156, although the difference between the

smooth and rough cases has reduced with distance from the wall. Finally, the wall-normal extent
of Puu appears relatively unaffected by roughness as puu collapses as a function of y for Yref = 0.156
in figure 58(c).

The Puu results in the x - y plane can also be used to assess its inclination angle for the smooth-
and rough-wall cases as a function of wall-normal location. Christensen & Wu (2005) reported the
inclination angle of Puu in smooth-wall turbulent channel flow to be approximately 110, with a weak
increase (a few degrees) with wall-normal position but little sensitivity to Re. Interestingly, Morris
et al. (2007) also reported an average inclination angle of Puu of 110 for y+ < 3000 computed from
transitionally-rough atmospheric boundary layer measurements at 6+ = 600, 000. The present effort
employs the same methodology used by Christensen & Wu (2005) for determining the inclination
angle of Puu. In this method, the (Ax, y) spatial location that is farthest away from the reference
location [(Ax, y) = (0, Yref)] on a given contour level is extracted. This procedure is applied to five
contour levels (0.8, 0.7, 0.6, 0.5 and 0.4) and linear regression is then used to fit these points to a line
from which the average inclination angle of Puu is assessed. Figure 59 presents this average angle,
0, as a function of y for the smooth and RF1 cases at Re0 ; 13000. While some scatter in the data
exists, the inclination angle is found to grow weakly with wall-normal location, from 80 close to the
wall to 13 - 150 near y = 0.46. Of particular importance, the smooth- and rough-wall inclination
angles agree extremely well both in magnitude and trend. The quantitative agreement between
the inclination angles of smooth- and rough-wall flow is quite consistent with the observations of
Nakagawa & Hanratty (2001) for turbulent channel flow in the presence of wavy walls as well as
the more recent work by Volino et al. (2007) for turbulent flow over wire mesh. However, this
similarity is entirely inconsistent with the marked increase in inclination angle in the presence of
mesh roughness reported by Krogstad & Antonia (1994).

6.3.2 Wall-normal velocity (Pvv)

Figure 60 presents two-point correlation coefficients of wall-normal velocity, Pvv, in a streamwise--
spanwise plane located at y = 0.0656 for flow over the smooth and RF1 surfaces. Previous studies
have indicated that Pvv embodies the influence of the individual hairpin vortices in outer-layer vortex
organization in contrast to Puu which has spatial characteristics more consistent with the larger-
scale vortex organization itself (Christensen, 2001, for example). Therefore. any modifications of
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Figure 37: Streamwise velocity correlation coefficients, Pu~in the x - y plane at Yr,f =0.156 for
Reo;z 13000. (a) Smooth; (b) RF1. Contour levels are from 0.1 to 0.7 wit.h interval of 0.1.

9.5



(a)()

080.8-

0.6 .:0.

80.4

0. .7 -0.4

0.2 7,0.

0 0.2

-0.2 1' e l . ..-05 -0.25 0 0.25 0.5 -0.75 -0.5 -0.25 0 025 0.5 0.75

(C)

0.8-

0.6-

0.4

0.2 -

06 0.25 y0.5 0.5

Figure 58: One-dimensional profiles of p,,,, from figure 56 iii the (a) spanwise (Ax =0). b tem
wvise (Az = 0) and (c) wall-normal (Ax = 0) directions at y = 0.156 for Reo 0  13000. :Smooth;

R 1H.

96



25

20

o. 15

2 .

10 I _

0
0 0.1 0.2 0.3 0.4

y/8
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Pvv in the presence of roughness could represent an alteration of hairpin-like structures themselves.
At y = 0.0656, Pvv is elliptical in shape, with an elongated extent in the streamwise direction on the
order of 0.2-0.36. This strearnwise length scale is clearly shorter than that of Puu (approximately 6),
supporting the observation that Pvv embodies imprints of smaller- to intermediate-scale structural
features of the flow. Comparison of figure 60(a) [smooth] with figure 60(b) [rough] indicates that
while the compact, higher correlation-level contours have streamwise and spanwise extents that
are quite consistent between the smooth and rough cases, the streamwise extent of the Pvv =
0.1 contour level is slightly reduced in the presence of roughness. Further, while there exists a
difference in the streamwise extent of this low contour level, the spanwise extent of the Pvv =
0.1 level appears unaffected by roughness. These more quantitative trends can be seen clearly
in figures 61(a) and 61(b) which present one-dimensional profiles of Pvv at y = 0.0656 in the
spanwise and streamwise directions, respectively. While the spanwise profiles collapse extremely
well, indicating a relative insensitivity to roughness, the streamwise extent of Pvv is slightly reduced
in the presence of roughness, particularly for lower correlation levels. These roughness effects should
not be surprising given that y = 0.0656 is well within the roughness sublayer where roughness-
induced modifications are expected to be most obvious. It also should be noted that attempts to
scale the streamwise profiles with y. rather than 6 (not shown for brevity) yielded larger disparities
between the smooth- and rough-wall profiles.

The slight reduction in the streamwise extent of p,, at y = 0.0656 is not observed further from
the wall at y = 0.156. Figure 62 illustrates Pvv in the x - z plane for flow over the smooth and RF1
surfaces at y = 0.156 and the smooth and rough results appear nearly identical in both streamwise
and spanwise extents, even at the lower correlation levels where differences were most profound at
y = 0.0656. As with Puu, velocity data is not available in the x - y plane to evaluate the character
of P,v y = 0.0656, though data is available at y = 0.156 [figures 63(a) and 63(b) for the smooth
and RF1 cases, respectively.]. As was noted in the x - z plane, Pvv is relatively compact in the
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Figure 61: One-dimensional profiles of Pvv from figure 60 in the (a) spanwise (Ax = 0) and
(b) streamwise (Az = 0) directions at y = 0.0656 for Reo z 13000. : Smooth; n: RF1.

x - y plane, although the Pvv = 0.1 contour level extends beyond 0.46 in the streamwise direction
and is slightly inclined away from the wall based on the small bulges present upstream/below and
downstream/above the reference location. It has been postulated that these two bulges might
reflect the influence of upstream and downstream hairpin vortices within a hairpin vortex packet
(Christensen, 2001, for example). Interestingly, both the smooth and rough Pvv in the x - y plane
display these bulges, providing another inference that hairpin vortex packets still persist in flow
over the rough surface considered herein. Finally, the quantitative consistency in Pvv for flow over
the smooth and RF1 surfaces at y = 0.156 is clear in figure 64 which presents one-dimensional
profiles of Pvv in the spanwise, streamwise and wall-normal directions. Excellent collapse is noted
in all three cases.

6.3.3 Spanwise velocity (Pww)

Two-point correlations of spanwise velocity, p,, in the x - z plane at y = 0.0656 are presented in
figure 65 for flow over the smooth and RF1 surfaces at Re0 ; 13000. These correlations indicate
that Pww is an intermediate-scale correlation: larger than Pvv but smaller than p,. It was noted
previously that LMR's and HMR's can meander in the spanwise direction rather than remain
perfectly aligned in the streamwise direction (Hutchins & Marusic, 2007) and this phenomenon
might be primarily responsible for the coherence of pw,. In any case, the spatial extents of P'ww
appear minimally affected by roughness at y = 0.0656 even though this wall-normal location is
well within the roughness sublayer. This quantitative consistency is clearly evident in figures 66(a)
and 66(b) which present one-dimensional profiles of p,, in the spanwise and streamwise directions,
respectively, for smooth- and rough-wall flow at y = 0.0653. The smooth and rough profiles collapse
extremely well in both spatial directions, indicating little or no influence of roughness on the physics
associated with the spanwise velocity fluctuations. Note that this consistency is in contrast with
that reported by Krogstad & Antonia (1994) who observed a significant decrease in the streamwise
length scale of Pww for flow over mesh compared to smooth-wall flow.

A similar consistency is noted in p, in the x - z plane at y = 0.156 (figure 67). Of interest,

Pww appears to be tending toward an isotropic state with increasing wall-normal position as its
streamwise and spanwise extents are approaching similar values as evidenced by its relatively square
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Figure 62: Wall-normal velocity correlation coefficients, p,,, in the x - z plane at y =0.156 for
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Figure 66: One-dimensional profiles of pww from figure 65 in the (a) spanwise (Ax = 0) and
(b) streamwise (Az = 0) directions at y = 0.0653 for Re0  13000. : Smooth; A: RF1.

contours. This tendency toward an isotropic state with increasing wall-normal position is likely
being driven by spanwise scale growth as the streamwise extent of p"' at y = 0.156 is essentially
then same as at y = 0.0656 for both surface conditions. A direct comparison of one-dimensional
profiles of P,w, in the spanwise and streamwise directions (figure 68) reveals excellent consistency
between the smooth- and rough-wall flows. Finally, the two-dimensional PIV measurements in the
streamwise-wall-normal plane only resolved the in-plane velocity components, so evaluation of Pww
in the x - y plane is not possible.

6.3.4 Wall-normal vortex cores (PAC,Ac)

As introduced earlier, swirling strength is a vortex identifier that is Galilean invariant and only
identifies regions of rotation associated with vortex cores. However, since Ai is the imaginary
portion of the complex-conjugate eigenvalues of the local velocity gradient tensor, it does not retain
a sign that would discriminate rotational sense. Therefore, it has become customary to attach the
sign of the local fluctuating in-plane vorticity to Ai as a means of discriminating between opposing
rotation. Of particular interest here is the fact that Ai is far superior to even velocity-based
correlations for studying the spatial characteristics of the smaller-scale wall-normal and spanwise
vortices noted in the instantaneous velocity realizations of section 6.2.

Figure 69 presents two-point correlations of wall-normal swirling strength, PN,,, in the x - z
plane at y = 0.0656 for flow over the smooth and RF1 surfaces at Re0 ; 13000. Recall that the wall-
normal vortices identified in the x - z plane were conjectured to be slices through the legs/necks of
hairpin-like structures as these vortices were found to occur outboard of the LMR's associated with
hairpin packets. In this context, a wall-parallel slice through a roughly symmetric hairpin structure
would yield opposing-sign wall-normal vortices separated in the spanwise direction outboard of
the LMR's. Further, wall-normal vortices with the same rotational sense would be expected to
align approximately in the streamwise direction due to the roughly streamwise-aligned vortices in a
hairpin packet. Returning to figure 69, px,., displays two distinct spatial characteristics: compact,
roughly circular contours centered at Ax, Az) = (0, 0) and weaker contour levels elongated in the
streamwise direction. The compact, circular contours can be interpreted as the imprint of the
actual wall-normal vortex cores that populate the x - z plane at y = 0.0656. In contrast, the
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Figure 67: Spanwise velocity correlation coefficients, Pw ,,, in the x - z plane at y = 0.156 for
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Figure 68: One-dimensional profiles of p, from figure 67 in the (a) spanwise (Ax = 0) and
(b) streamwise (Az = 0) directions at y = 0.156 for Re0 ; 13000. .: Smooth; A: RF1.

streamwise-elongated contours in figure 69 are more consistent with correlation between consecutive,
streamwise-aligned hairpin-like structures in outer-layer vortex organization. Interestingly, both the
streamwise and spanwise extents of the compact, circular contours as well as the streamwise extent
of the weaker, elongated contours appear reduced in the presence of roughness, most notably the
latter.

To view these differences between the smooth- and rough-wall pA,, in the x - z plane at
y = 0.0656, figure 70 presents one-dimensional profiles of p,\,,,\,, in the spanwise and streamwise
directions for Re0  13000. When the spatial separations are scaled in outer units [figures 70(a)
and 70(b) for spanwise and streamwise directions, respectively], the reductions in the rough-wall
spatial extents noted in the two-dimensional plots are readily apparent. However, when these
one-dimensional profiles are plotted on spatial separations normalized in inner units, excellent
collapse is noted in both the spanwise and streamwise directions (even for the longer streamwise
tails of p.\,Aj. The collapse of p,\,,A,, for small spatial separations is in accordance with recent
experimental evidence suggesting that the diameters of small-scale vortex cores in smooth-wall
turbulence scale on the viscous length scale, y. (Carlier & Stanislas, 2005; Wu & Christensen,
2006a). Evidently, this scaling also holds for the small-scale vortex cores present in the flow over
the RF1 surface considered herein. Further, the observed collapse of p,\, on y. for larger Ax
indicates that the physics associated with this correlation tail is an inner-scale-dependent process.
While no studies have conclusively assessed the exact streamwise spacing between consecutive
vortices in outer-layer vortex organization nor the appropriate length scale of the flow that governs
this process, the present results suggest that this spacing may be driven by inner rather than outer
scales.

Figure 71 illustrates p,,x, in the x - z plane further from the wall at y = 0.153 for flow over
the smooth and RF1 surfaces at Re0 ; 13000. The strearnwise and spanwise extents of Pk,\,
have clearly grown with increasing distance from the wall and both compact, circular contours as
well as weaker, streamwise-elongated contours are evident for both surface conditions. Again, the
streamwise and spanwise extents of p,i,, appear reduced in the presence of roughness but this
reduction is noted here with the spatial separations normalized in outer units. Nevertheless, this
increase in vortex core diameter with wall-normal location is again consistent with recent studies
of smooth-wall turbulence (Carlier & Stanislas, 2005, for example). Finally, although the collapse
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on y. is not quite as good at y = 0.156 as it is at y = 0.0656, the one-dimensional profiles of pN,,
in the spanwise and streamwise directions presented in figure 72 still indicate that the diameters
of wall-normal vortex cores and their streamwise spacing are dependent on inner scales.

6.3.5 Spanwise vortex cores (P ,\A,)

As noted in section 6.2, the majority of spanwise vortex cores with clockwise rotation (prograde)
noted in the streamwise-wall-normal plane are interpreted to be slices through the heads of hairpin-
like structures. Swirling strength can be computed in the x-y plane to reveal spanwise vortex cores
and the sign of the fluctuating spanwise vorticity can be attached to Ai to distinguish between
clockwise (prograde) and counterclockwise-rotating (retrograde) spanwise vortices. Figure 73 shows
two-point correlations of spanwise swirling strength, p\,,\,, in the x - y plane at y = 0.156 for flow
over the smooth and RF1 surfaces at Re0 ; 13000. Both smooth- and rough-wall p, in the x - y
plane display compact, circular contours as well as weaker, streamwise-elongated contours that are
inclined slightly away from the wall. While the compact, circular contours are likely the imprint
of the spanwise vortex cores themselves, the streamwise elongation and inclination away from the
wall of the weaker correlation levels is entirely consistent with the spatial correlation of the heads of
streamwise-aligned hairpin structures in outer-layer vortex organization. In fact, the smooth- and
rough-wall inclination angles of p,\, are both approximately 100 which is quite consistent with
the inclination angles noted for p,,, in the x - y plane (figures 57 and 59). Further, the smooth- and
rough-wall P44, both contain weak negative correlation levels downstream and above as well as
upstream and below of the central correlation peak at (Ax, y) = (0, Yref = 0.156). These negative
correlation values indicate the occurrence of spatially-coincident prograde and retrograde spanwise
vortices. Natrajan et al. (2007) first reported these negative correlation regions in p,\,,, within
the x - y plane and postulated the latter arrangement to be a slice through the shoulder of an
omega-shaped hairpin-like structure while the former arrangement may be due to ring-like vortices
that have been observed in the outer-layer of smooth-wall turbulence (Falco, 1991, for example).
Of interest is that these regions of negative correlation in P,,4\ become smaller and weaker in the
rough-wall flow.

Finally, one-dimensional profiles of p\,i, in the wall-normal and streamwise directions are
shown in figure 74 scaled in both outer and inner units. Collapse with y. is again consistent with
recent studies that have reported inner-scale-dependence of the diameters of spanwise vortex cores
(Carlier & Stanislas, 2005; Wu & Christensen, 2006a). This collapse on y. is also consistent with
the trends noted for p\, in the x - z plane.

6.3.6 Impact of surface protrusions on spatial correlations in roughness sublayer

All of the aforementioned correlations in the streamwise-spanwise plane at y = 0.0656 were com-
puted assuming homogeneity in the streamwise and spanwise directions. While this assumption
is certainly valid at y = 0.156 where the analysis in chapter 4 illustrated the lack of roughness-
induced modifications at this wall-normal location, the correlations computed in the x - z plane at
y = 0.0656 assuming homogeneity may be slightly influenced by strong roughness protrusions (as
was seen for single-point statistics in chapter 4). To assess this influence, two-point correlations
in the x - z plane at y = 0.0656 for flow over the RF1 surface at Re0  13000 are computed at
reference locations spatially-coincident with and just downstream of roughness protrusion F [see
figure 32(b)]. This protrusion was observed to generate the strongest local heterogeneities in the
single-point turbulence statistics presented in chapter 4. These correlations are computed assuming
inhomogeneity in both the streamwise and spanwise directions, meaning they are based on a fixed
reference point and are only averaged over the ensemble of realizations (in contrast to the homo-
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Figure 75: Streamwise velocity correlation coefficients, p,,,, in the x - z plane at y,,f =0.0656
for flow over the RFI surface at Reo ;z, 13000. (a) Inhomogeneous correlation at a reference point
directly above roughness protrusion F; (b) Homogeneous correlation. Contour levels are from 0.1
to 0.9 with interval of 0.1.

geneous correlations presented above wherein averaging is performed over the ensemble as well as
in the streamwise and spanwise directions).

Figures 75(a)-77(a) present ps,, p,, and pww in the x - z plane located at y = 0.0656 for
flow over the RF1 surface at Reo z 13000 computed with a reference point centered directly
above roughness protrusion F. To facilitate comparison, pe, pt and po in this plane from the

calculations assuming homogeneity [figures 54(b), 54(b) and 65(b)] are reproduced as figures 75(b)-
77(b) with their centers shifted to allow direct comparison of length scales with the inhomogeneous

correlations. Both p,,,, and pv, show a rather dramatic decrease in streamwise extent at both higher
and lower correlation levels compared to their homogeneous counterparts (In the case of p,,, the

0.1 and 0.2 contour levels appear unaffected by protrusion F). In contrast, the spanwise extent of
p,,, appears relatively unaffected by protrusion F while the spanwise extent of p,, is dramatically
decreased. Interestingly, the spatial extents of pww in the streawise and spanwise directions appear
unaffected by protrusion F as the inhomogeneous correlation matches its homogeneous counterpart
except for slight differences for small spatial separations (Note that the inhomogeneous correlations
appear much noisier than their homogeneous counterparts because the number of samples averaged
to generate inhomogeneous correlations is significantly reduced under this assumption). The relative
insensitivity of the larger-scale features of p wl and pe to roughness feature F is consistent with

the observations of Djenidi et al. (1999) who reported that the outflows from square cavities did
not appreciably affect the spatial characteristics of low-speed streaks in the near-wall region. They
attributed this insensitivity to the substantial scale difference between the outflows generated by
the roughness cavities and the large-scale streaks.

The inhomogeneous correlations computed for a reference location directly above roughness
protrusion F indicate that these large-scale surface defects do indeed alter the character of the two-

point correlations at y = 0.0656. However, these effects appear limited to small-to-intermediate
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for flow over the RF1 surface at Re 0  13000. (a) Inhomogeneous correlation at a reference point
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Figure 78: Strearnwise velocity correlation coefficients, Puu, in the x - z plane at Yref = 0.0656
for flow over the RF1 surface at Re0 ; 13000. (a) Inhomogeneous correlation at a reference point
0.0556 downstream of roughness protrusion F; (b) Homogeneous correlation. Contour levels are
from 0.1 to 0.9 with interval of 0.1.

spatial separations as the larger-scale characteristics of these inhomogeneous correlations mimic
their homogeneous counterparts well, particularly for Puu and P,w. However, it is still not clear
whether these modifications sustain themselves beyond the immediate vicinity of these surface
defects. The evidence presented in chapter 4 overwhelming supports the contention that these
roughness-induced modifications are relatively isolated to the immediate vicinity of the roughness
protrusions and inhomogeneous correlations computed for a reference location 0.0556 downstream of
protrusion F in the x - z plane at y = 0.0656 [figures 78(a)-80(a) for Puu, P,, and Pww, respectively]
indicate that this contention holds for the two-point correlations as well. The correlation pow recov-
ers its large- and intermediate-scale characteristics that mark its homogenous version [figure 78(b)]
although this correlation still retains a slight heterogeneity upstream of the reference location at
a point spatially-coincident with protrusion F. Surprisingly, pw recovers the larger-scale coherent
noted in its homogeneous version [figure 79(b)] even though the reference location is only 5% of 6
downstream of surface protrusion F. However, Pv, still retains some inhomogeneity upstream of the
reference location where the impact of protrusion F is still observable. Finally, PWW remains consis-
tent between its inhomogeneous and homogeneous versions. Therefore, while the correlations for a
reference location directly above F show strong roughness-induced modifications, these correlations
appear to relax back toward their homogeneous characteristics quite quickly downstream as the
inhomogeneous correlations 0.0556 downstream of roughness feature F show increased consistency
with their homogeneous counterparts.

Finally, figures 81(a)-83(a) present inhomogeneous versions of Pu, Pvv and Pww in the x-z plane
at y = 0.0656 at a reference point located far from all dominant roughness protrusions to ascertain
their consistency with their homogeneous counterparts. Interestingly, all three inhomogeneous
velocity correlation coefficients show quite strong consistency with their homogeneous versions. This
consistency indicates that the roughness-induced modifications observed in the immediate vicinity
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Figure 79: Wall-normal velocity correlation coefficients, Pvv, in the x - z plane at Yref 0.0656
for flow over the RF1 surface at Re0 , 13000. (a) Inhomogeneous correlation at a reference point
0.0556 downstream of roughness protrusion F; (b) Homogeneous correlation. Contour levels are
from 0.1 to 0.9 with interval of 0.2.
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Figure 80: Spanwise velocity correlation coefficients, p,,,,, in the x - z plane at y,,f 0.0656 for
flow over the RF1 surface at Re0 ;: 13000. (a) Inhomogeneous correlation at a reference point
0.0556 downstream of roughness protrusion F; (b) Homogeneous correlation. Contour levels are
from 0.1 to 0.9 with interval of 0.1.
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Figure 81: Streamwise velocity correlation coefficients, p, , in the x - z plane at yref =0.0656 for
flow over the RF1 surface at Re0  13000. (a) Inhomogeneous correlation at a reference point away
from all roughness protrusions; (b) Homogeneous correlation. Contour levels are from 0.1 to 0.9
with interv-al of 0.1.

of strong roughness protrusions affect the homogeneous correlations in a rather minimal manner.

Very subtle differences can be seen at higher correlation levels where the streamwise and spanwise
extents of these levels are only slightly larger in the inhomogeneous case (true for Puu and Pvv; pww
shows no such effect). This difference is consistent with the fact that protrusion F significantly
reduces the streamwise and spanwise extents of these higher correlation levels locally. As such, the
homogeneous correlations at y = 0.0656 discussed in detail above are indeed quite representative
of the statistical character of this rough-wall flow, even at the y = 0.0656 measurement location
within the roughness sublayer, except in the immediate vicinity of intense roughness protrusions
where modifications of their small-scale behavior can occur locally. However, these small-scale
modifications seem to quickly disappear as the flow advects downstream, likely because they are
rapidly engulfed by the surrounding turbulence.

6.4 POD analysis

Proper orthogonal decomposition provides an efficient means for defining a suitable set of basis
functions for an ensemble of data. Of particular interest in the present application of POD is to
effectively separate large- and small-scale features of the flow in order to further document the
impact of the RF1 surface on these spatial scales.

Following the description by Cazemier et al. (1998), the goal of POD analysis is to determine
the best approximation of a given instantaneous turbulent velocity field, u(x, t), in terms of N
deterministic spatial POD modes Oi(x),i = 1, ..., N and N random temporal functions ai(t),i =

1.N. Mathematically, this problem can be expressed as

M f N 2

min f u(xt)- E-aj(t)0j(x) dtdx, (43)
i=1
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Figure 83: velocity correlation coefficients, ppow, in the x - z plane at Yreff 0.0656 for flow over
the RFI surface at Reo z 13000. (a) Inhomogeneous correlation at a reference point away from
all roughness protrusions; (b) Homogeneous correlation. Contour levels are from 0.1 to 0.9 with
interval of 0.1.
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where the integrations are over the spatial domain, Q2, and a time interval, T. Arbitrary variations
of the unknowns Oi(x) and ai(t) lead to

IT (u - Zajoj)aidt = 0= (u - Zajoj )Oidx. (44)

Assuming orthogonality of O(x) and a(t) in POD analysis (fn0i0jdx=0=fTaiajdt for i # j),
Eq. (44) can be simplified as

oi~(x) fT uaidt
fT a?dt

and

ai(t) fQ u0.dx (46)
f~Q Odx

Substituting Eq. (45) into Eq. (46) and Eq. (46) into Eq. (45) yields two eigenvalue problems with
positive definite Hermitian kernels of the form

A (x)= j (j u(x, t)u(x', t)dt) O, (x')dx' (47)

and

Aiai(t) = T (jf u(x, t)u(x, t')dx)ai(t')dt'. (48)

Equation (47) shows that the spatial POD modes, Oi(x), represent the eigenfunctions of the integral
operator with the temporal auto-correlation of u(x, t) as a kernel. Similarly, Eq. (48) shows that the
temporal coefficients, ai(t), are the eigenfunctions of the integral operator with the spatial auto-
correlation of u(x, t) as a kernel. Both equations are equivalent for solving for the POD modes
Oi(x) and coefficients ai(t). Classical POD originally introduced by Lumley utilizes Eq. (47) while
snapshot POD, first suggested by Sirovich (1987), employs Eq. (48).

The above eigenvalue problems are Fredholm integral equations of the second type whose prop-
erties are given by the Hilbert-Schmidt theorem (Mikhlin, 1957, for example). This theorem states
that the eigenfunctions are orthogonal which verifies the assumption of orthogonality of O(x) and
a(t) and thus the eigenfunctions are solutions of Eq. (43). In addition, the Hilbert-Schmidt theorem
states that the eigenvalues Ai are real and positive and form a decreasing and convergent series.
The instantaneous velocity field u(x, t) can therefore be fully reconstructed from the eigenfunctions
when N -o . It should be noted that the eigenfunctions are usually normalized such that spatial
POD modes are ortho-normal (fQ O?dx = 1) and the coefficients ai are square roots of the eigenval-
ues (fT a?dt = Ai). Further, POD analysis is usually performed on the fluctuating velocity fields,
meaning that the i1h eigenvalue, Ai, represents the turbulent kinetic energy contribution of the ith

POD mode, Oi, and the fractional contribution of ith POD mode to the total turbulent kinetic
energy, Ei, can be expressed as

Ei = Ai, (49)

where E = X$NI1 A is twice the total turbulent kinetic energy of the flow. Further, it can be
shown that POD eigenfunctions are optimal in the sense that, for a given number of modes N,
the projection on the subspace spanned by the N leading POD eigenfunctions contains the largest
kinetic energy on average compared to any other set of basis functions (Cordier & Bergmann, 2002).
Finally, a reconstruction of any given instantaneous fluctuating field at t, using the leading K POD
modes can be realized by

K
U(X, Wn UL(X, Wn = : ak(tn)(kk(X). (50)

k=1
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Particle image velocimetry provides velocity fields u' ,m at discrete grid points xn and at time
intervals t'. Let N. be the total number of grid points within a velocity field and M be the total
number of velocity fields in a given ensemble. Because of the discrete nature of the spatial velocity
fields as well as their acquisition the POD analysis described above must be discretized, meaning
that the spatial and temporal integrations must become summations over n and m. As a result,
the discretized versions of the eigen-problems in Eqs. (45) and (46) become eigenvalue problems
of matrices. For two-component velocity vector fields (u, v) [as is the case for the streamwise-wall
normal PIV measurements presented herein, for example], the spatial POD modes are also vectors
given by (qu, 0,) and the discretized version of Eq. (47) can be expressed in matrix form as

-01. - - 1

Ai , = c Ut (51)

where

c = [ ., U n ] (52)

and M [ Mol'm ... ,l'm0N' m]

R n:nt* I .. . (53)
m=1 [aN9,m)31,m ... N9,m0Ngm

Thus, the POD modes and eigenvalues are the eigenvectors and eigenvalues of the symmetric
positive definite matrix C. Similarly, Eq. (48) can be discretized as

A [a] s[ a.] (54)ao4 ay

where

s . .q1.. .q1. q. , (55)
qM qi ... qM q M

and
N9

q,= 1((un,,) 2 + (v,",)2 ). (56)

n=1

In this context, the coefficients aT and eigenvalues are determined from the diagonalization of
the symmetric positive definite matrix S. Note that the coefficients ai computed in this manner
are often ortho-normal. From this analysis, the POD modes at grid point xn are computed from
Eq. (45) as

EM (Un,maT) EM-(n,ma!n 57U' V/A- " .,= ax V IK (57)

Finally, it is readily apparent that the dimension of the matrix C in classical POD is equal to
the number of grid points (- 105 in the current experiments). In contrast, the dimension of the
matrix S in snapshot POD is equal to the number of time intervals (or snapshots) in an ensemble
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Figure 84: POD energy distributions in the x-y plane for flow over the smooth and RF1 surfaces at
Re 0  13000. (a) Fractional contribution of each POD mode to the total energy, Ei; (b) Cumulative

energy distribution .II: Smooth; A: RF1.

(_ 103 for the present study). Therefore, it is clearly more efficient to employ the snapshot POD
method to analyze the PIV ensembles in the present study since the computational effort will be
reduced compared to classical POD. The use of snapshot POD to analyze PIV ensembles is not
new as many recent PIV studies of various flows have employed this method to study the character

of the most energetic flow scales (Druault et al., 2005; Kostas et al., 2005; Geers et al., 2005; Gurka
et al., 2006; Pedersen & Meyer, 2002; Bernero & Fiedler, 2000, among others). In the present effort,
snapshot POD is employed to study the characteristics of the larger and smaller scales of the flows
over the smooth and RF1 surfaces at Reo 9  13000 using both the two-dimensional PIV fields in
the x - y plane and as well as the stereo PIV measurements in the x - z planes at y = 0.0656 and
0.156.

6.4.1 Streamwise-wall-normal plane

Snapshot POD analysis is first performed on the streamwise and wall-normal fluctuating velocity
components (u', v') from the two-dimensional PIV ensembles in the x - y plane for flow over the
smooth and RF1 surfaces at Reo 9  13000. This analysis is performed over the wall-normal domain

y < 0.56 using 2000 instantaneous velocity fields (snapshots) per flow condition. Only 50% of the
boundary-layer thickness was selected for analysis in order to reduce the computational cost of this
analysis and also because the physics in the outer 50% of the boundary layer is of little interest
in the present context since the flow over the RF1 surface behaves similarly to the smooth-wall
flow far from the surface. In addition, the full ensemble sizes (i.e., number of snapshots) were not
employed in the POD analysis to again reduce the computational cost of this analysis.

Figure 84(a) presents the fractional contributions of individual POD modes to the total turbu-
lent kinetic energy, Ei, for flow over the smooth and RF1 surfaces at Reo 13000. Lower-order
POD modes are representative of larger-scale, energy-containing features of the flow while higher-
order POD modes correspond to smaller-scale and less energetic turbulent events. The smooth- and
rough-wall energy distributions are extremely similar as collapse is noted throughout the range of
POD modes from the most- to least-energetic. The fractional energy contributions of the first ten
POD modes for flow over the smooth and RF1 surfaces are tabulated in table 7 and the differences
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Table 7: The fractional energy contribution of the first ten POD modes for flow over the smooth
and RF1 surfaces in x - y plane at Re0 ; 13000.

Fractional Energy

Smooth RF1

1 0.235 0.245
2 0.0922 0.0973

3 0.0565 0.0578
POD 4 0.0447 0.0449
Mode 5 0.0293 0.0327

n 6 0.0237 0.0243

7 0.0181 0.0187
8 0.0177 0.0175
9 0.0142 0.0139
10 0.0136 0.0131

between the smooth- and rough-wall cases for fixed mode number are less than 1%. Figure 84(b)
presents the distribution of cumulative energy defined as

m
Cumulative energy contained in modes 1 to m = Ei, (58)

1

computed from the energy spectra presented in figure 84(a). As with the energy spectra, the
cumulative POD energy profiles collapse well between the smooth- and rough-wall flows. Finally,
the complexity of a given flow can be assessed by determining the number of POD modes required
to capture 95% of the total energy. For the present smooth- and rough-wall cases, more than
400 modes are needed to capture 95% of the kinetic energy (u 2 + v'2 ) from the x - y plane PIV
measurements. As a comparison, Sen et al. (2007) recently reported snapshot POD results for a
low-Re turbulent channel flow (Re, = 180) for which only 20-30 modes are required to capture 95%
of the energy. Thus, the present flows are quite complex owing to the wide range of dynamically-
important spatial scales present at the relatively high Reynolds number of Reo 6  13000.

The POD eigenfunctions corresponding to the first three most energetic modes in the x - y
plane for flow over the smooth and RF1 surfaces at Re0 P 13000 are presented in figures 85 and
86, respectively. It is immediately evident that the spatial character of the first three eigenfunc-
tions is qualitatively consistent between the smooth- and rough-wall flows. The first mode, which
contributes about a quarter of the total energy, displays a relatively uniform flow field. The second
POD mode, which accounts for approximately 10% of the energy, is characterized by a long shear
layer inclined away from the wall at approximately 450 beneath which exists a large-scale Q2 event
opposed by a large-scale Q4 event above the inclined shear layer. This pattern is quite consistent
with observations of inclined shear layers in instantaneous velocity fields at a characteristic angle
of 450 often noted just upstream of hairpin vortex heads beneath which exists strong ejections
of low-speed fluid away from the wall and above which often exists intense sweeps of high-speed
fluid toward the wall. It is the interaction of these two Reynolds-stress-producing events that is
responsible for the generation of these inclined shear layers. The third mode, which contributes
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about 6% of the energy, is marked by a long shear layer that separates large-scale Q1 and Q3
events. Of particular interest, these vector plots of the leading three POD eigenfunctions illustrate
that the most energetic large-scale turbulent events generate significant Reynolds shear stress. In
particular, the turbulent events that contribute negatively to the Reynolds shear stress (Q2 and
Q4 events in mode 2) contain more kinetic energy than the events that contribute positively to
the Reynolds shear stress (Q1 and Q3 events in mode 3). This trend is entirely consistent with
the fact that (u'v') < 0. Finally, while the smooth- and rough-wall modes show strong qualitative
consistency, some subtle differences can be observed. For example, the shear layer in mode two has
a slightly larger inclination angle in the RF1 case compared to the smooth-wall result. In contrast,
the upstream portion of the shear layer in the third mode is inclined slightly closer to the wall for
the rough-wall case.

As noted earlier, one of the most beneficial uses of the POD basis functions is to low-pass filter
instantaneous velocity realizations in order to study the physics of the larger- and smaller-scale
features of the flow. In the present effort, this decomposition enables the study of roughness-
induced modifications of the larger and smaller spatial scales. Each individual fluctuating velocity
field (or snapshot) is reconstructed using Eq. (50) from a subset of the leading (most energetic) POD
modes. In the present analysis, the number of modes employed in this reconstruction is chosen to be
the minimum number required to capture 50% of the total energy (u'2 + v'2 ). As such, the leading
five (5) POD modes are employed in the reconstruction for the smooth-wall flow while the first six
(6) modes are used for reconstruction of the rough-wall flow. The resulting reconstructed velocity
fields, u'(x), represent low-order (larger-scale) representations of the original fluctuating velocity
fields while the difference between a given original fluctuating velocity field and its associated low-
order field yields a residual (smaller-scale) field, u' (x). In this context, an ensemble of residual
velocity fields for a given flow condition contains the remaining 50% of the kinetic energy generated
by smaller-scale flow events.

Figure 87(a) presents a representative instantaneous fluctuating velocity field in the x - y plane
for flow over the smooth wall at Re0 z: 13000 and is the same realization as that presented in
figure 43(a). Several clockwise-rotating (prograde) spanwise vortices are aligned in the streamwise
direction forming an inclined interface. Beneath this interface exists a large-scale region of low-
momentum fluid collectively induced by this packet of vortices. The low-order (large-scale) velocity
field associated with this realization is presented in figure 87(b) and the inclined interface, along
with the large-scale region of streamwise momentum deficit, are captured quite accurately in this
low-order representation. In contrast, the associated residual velocity field contains the clusters of
small-scale swirling motions together with intermittent strong sweeps and ejections [figure 87(c)].
Similar spatial features are apparent in a representative instantaneous fluctuating velocity field
from the rough-wall flow presented in figure 88(a) along with its associated low-order and residual
velocity fields [figures 88(b) and 88(c), respectively].

While visualization of the instantaneous low-order and residual velocity fields provides a glimpse
of the large- and small-scale features of the smooth- and rough-wall flows, it does not provide
quantitative measures of the influence of roughness on these spatial scales. However, since this
decomposition generates ensembles of large- and small-scale velocity fields for each flow condition,
one can compute the contributions of the larger and smaller spatial scales of the flow to the Reynolds
normal and shear stresses. These calculations are accomplished by simply ensemble-averaging
and line-averaging the low-order and residual ensembles separately for each flow condition. This
process generates profiles of Reynolds normal and shear stresses attributable to the larger and
smaller spatial scales, respectively, and comparison of these profiles to the total profiles reported
in chapter 3 provides a measure of the importance of these spatial scales to the overall turbulent
stresses for both smooth- and rough-wall flow.
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Figure 87: (a) A representative fluctuating velocity field in the x - y plane for flow over the smooth
wall at Re0 = 11943 [same field as figure 43(a)]. (b) Low-order (large-scale) representation of the
velocity field in (a) generated by projecting this field onto the first five POD modes. (c) Residual
(small-scale) velocity field. Not every vector is shown for clarity.
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Figure 88: (a) A representative fluctuating velocity field in the x - y plane for flow over the RFI
surface at Re0 = 14781 [same field as figure 44(a)]. (b) Low-order (large-scale) representation of the
velocity field in (a) generated by projecting this field onto the first six POD modes. (c) Residual
(small-scale) velocity field. Not every vector is shown for clarity.
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Figure 89(a) presents profiles of (u) computed from the original fluctuating velocity fields
(referred to as the "total" profiles) as well as from the low-order and residual ensembles for smooth-
and rough-wall flow. As was discussed in chapter 3, the total profiles of (u 2) for flow over the smooth
and RF1 surfaces display similarity in the outer region in accordance with Townsend's wall similarity
hypothesis. Interestingly, the low-order and residual contributions to (u) also show this similarity
as the smooth- and rough-wall results collapse reasonably well in the outer layer. In addition, it is
clear that larger-scale features of the flow generate a vast majority of (u 2 ) everywhere except very
close to the wall. In contrast, the smaller scales of the flow dominate (v) [figure 89(b)] in both
the smooth- and rough-wall cases with only a small fraction of (v12 ) carried by the larger spatial
scales of both flows. As with (u' 2 ), the smooth- and rough-wall contributions to (v' 2 ) from large
and small scales collapse in the outer layer in accordance with the notion of outer-layer similarity.
Finally, the contributions of larger and smaller spatial scales to the Reynolds shear stress, (u/v'),
along with the total profiles of (u'v') are presented in figure 89(c). For y > 0.16, the large-scale
spatial structures embody a significant fraction (70-80%) of (u'v') which is roughly three times
the amount of turbulent shear stress embodied in the smaller scales. This trend is consistent with
the large-scale contributions to (u) in the outer layer. As with the Reynolds normal stresses,
the large- and small-scale contributions to (u'v') collapse in the outer layer irrespective of surface
condition.

Two-point correlations can also be computed from the low-order (larger scale) and residual
(smaller scale) velocity ensembles for flow over the smooth and RF1 surfaces at Reo 6  13000 in
order to study the similarities and differences between the characteristic spatial signatures and scales
of the dominant larger and smaller spatial scales of the flow. These correlations are particularly
useful in further interpreting the trends noted in the previous section for spatial correlations of the
full velocity fields. Figures 90 and 91 present two-point streamwise velocity correlation coefficients
in the x - y plane at Yref = 0.156 for Reo P 13000 computed from the low-order (p,ULu) and
residual (PuRuR) velocity ensembles for flow over the smooth and RF1 surfaces, respectively. The
correlation P,LUL is elongated in the streamwise direction and inclined slightly away from the wall
for both smooth- and rough-wall flow. These characteristics are entirely consistent with the large-
scale spatial characteristics of Puu presented in figure 57 for smooth- and rough-wall flow. On the
other hand, PuU, is marked by spatially compact positive correlation contours centered at the
reference location for both smooth- and rough-wall flow attributable to smaller spatial scales. Of
particular interest, these spatially-compact positive correlation levels are bounded upstream and
downstream as well as above and below by regions of weak negative correlation. The smaller regions
of weak negative correlation directly above and below the reference location are consistent with
the swirling motion of spanwise vortex cores, likely the heads of hairpin-like vortices (a region of
negative correlation beneath the reference location in the rough-wall case is not observed due to a
lack of data close to the rough surface). In contrast, the larger regions of weak negative correlation
upstream and downstream of the reference location are likely due to turbulent events induced by
adjacent hairpin-like structures in outer-layer vortex organization.

Figure 92 presents one-dimensional profiles of PULUL and PuR,R at Yref = 0.156 for flow over the
smooth and RF1 surfaces at Re0 6  13000. The rough-wall PULUL profiles display reduced spatial
extents in both the wall-normal and streamwise directions compared to the smooth-wall result.
This difference is most notable in the streamwise direction where the streamwise extent of the large-
scale features is dramatically reduced by roughness at this wall-normal location. This reduction is
consistent, though more dramatic, than the reduction in the streamwise extent of p,,, observed in
figure 58 which includes contributions from all spatial scales. Interestingly, the streamwise extent
of PURUR is much more consistent between smooth- and rough-wall flow, although a slight reduction
in the presence of roughness is still apparent. A reduction in the wall-normal extent of PuLUL is
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Figure 91: Streamwise velocity correlation coefficients in the x - y plane at y 0.156 for flow over
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Figure 92: One-dimensional profiles of PuLu, and PURUR in the (a, b) wall-normal and (c, d) stream-
wise directions at Yref = 0.156 for flow over the smooth and RF1 surfaces at Re0 -- 13000.
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also noted, although this reduction is much less dramatic than that observed in the streamwise
direction. Finally, puRuR displays better consistency between smooth- and rough-wall flows than
its large-scale counterpart.

Two-point correlations of wall-normal velocity are also computed for the low-order (Pv,,L)
and residual (P,,,,) velocity ensembles at y = 0.156 for flow over the smooth and RF1 surfaces
(figures 93 and 94). As with PULUL and PuRU,, the spatial characteristics of PVLVL and PVRt)R

are similar between smooth- and rough-wall flow. The correlation PvLv, is, as one would expect,
marked by large spatial scales in both the streamwise and wall-normal directions likely due to large-
scale regions of ejections and sweeps noted in the instantaneous low-order velocity fields shown
in figures 87(b) and 88(b). In particular, hairpin vortex packets likely contribute to this large-
scale pv, via the collectively-induced motions beneath the inclined interface of these large-scale
structures. On the other hand, PVRVR is characterized by spatially-compact correlation contours
that are quite consistent with the characteristics of Pvv obtained from the original velocity fields
(figure 63). This consistency is not surprising given that the smaller scales of the flow dominate
(v' 2 ) [figure 89(b)]. The spatial scales of PVLVL and PvRUR for flow over the smooth and RF1
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Figure 93: Wall-normal velocity correlation coefficients in the x - y plane at y = 0.156 for flow over
the smooth wall at Reo = 11943. (a) P,L,L (contour levels from 0.1 to 0.9 with an interval of 0.1);
(b) PVV (contour levels from 0.1 to 0.9 with an interval of 0.2).

surfaces are compared in figure 95 which presents one-dimensional profiles of these correlations in
the wall-normal and streamwise directions. The wall-normal extent of PvLVL is quite consistent
between smooth- and rough-wall flow while its streamwise extent is slightly reduced for flow over
the RF1 surface compared to the smooth-wall case. This reduction is far less dramatic than that
observed for PULUL, but is nevertheless indicative of a fundamental reduction in the coherence of
the larger spatial scales of the flow in the presence of roughness. In contrast, both the wall-normal
and streamwise extents of PVRVR are quite consistent between smooth- and rough-wall flow. This
consistency, coupled with the consistency noted in PuRuR, indicates that the smaller spatial scales
of the flow are relatively immune to roughness effects.

6.4.2 Streamwise-spanwise plane

Proper orthogonal decomposition is also applied to the PIV ensembles in the x - z plane at both
y = 0.0656 and y = 0.156 using 1600 snapshots per flow condition. Since these ensembles were
acquired using stereo PIV, POD is applied to all three velocity components within the wall-parallel
planes. The POD energy distributions in the streamwise-spanwise plane for flow over the smooth
and RF1 surfaces at y = 0.0656 and y = 0.156 are presented in figures 96 and 97, respectively,
for Re0 ; 13000. The fractional energy contributions as well as the cumulative POD energy
distributions are similar between the smooth- and rough-wall flows at both wall-normal locations.
The fractional energy contributed by the ten most energetic POD modes at both y = 0.0656 and
y = 0.156 for the smooth- and rough-wall flows are tabulated in table 8. The energy content of each
mode is similar between the smooth and rough cases, although slightly better agreement is noted
further from the wall at y = 0.156. This trend is not surprising since y = 0.0656 is well within the
roughness sublayer for the RF1 case. Further, the kinetic energy within these streamwise-spanwise
planes is distributed amongst a broad range of spatial scales as evidenced by the relatively gradual
convergence of the cumulative POD energy distributions. In this regard, more than 700 POD modes
are needed at y = 0.0656 to capture 95% of the energy while more than 600 modes are required at

133



(a)

0 2

01 05 Q" /I12 /j~ <

-22 -03 -04 0 04 Os

(b)
06

04

02

'l 2a4 0 0.4 0.1 2

Figure 94: Wall-normal velocity correlation coefficients, p,,, in the x - y plane at y = 0.156 for flow
over the RF1 surface at Re 0 = 14781. (a) P,,LL (contour levels from 0.1 to 0.9 with an interval of
0.1); (b) PVRR (contour levels from 0.1 to 0.9 with an interval of 0.2).

y = 0.156.

As was done in the POD analysis of the streamwise-wall normal plane velocity ensembles, the
POD eigenfunctions in the x - z planes at y = 0.0656 and 0.156 are used to generate ensembles of
low-order and residual velocity fields for each flow case by projecting the instantaneous fluctuating
velocity fields of a given ensemble onto the minimum number of leading POD modes required to
capture 50% of the turbulent kinetic energy for that ensemble. As such, the first 20 POD modes
are used in the reconstruction for the smooth-wall flow at y = 0.065J, the first 22 modes are used
for flow over the RF1 surface at y = 0.0656, the first 15 modes are employed for the smooth-wall
flow at y = 0.156 and the first 16 modes are necessary for flow over the RF1 surface at y = 0.15b.
Examples of instantaneous low-order and residual velocity fields in the streamwise-spanwise plane
of both smooth- and rough-wall flows at y = 0.0656 and y = 0.156 are presented in figures 98-
101 for Reo : 13000. It is seen that the low-order velocity fields consistently display large-scale
LMR's and HMR's coincident with elongated regions of ejections and sweeps, respectively, for both
the smooth and rough cases. These LMR's and HMR's have long streamwise extents (greater
than the streamwise field of view of these fields) and they appear to meander in the spanwise
direction. These characteristics are entirely consistent with the large-scale characteristics of hairpin
vortex packets sliced by streamwise-spanwise measurement planes. In contrast, the residual velocity
fields are each characterized by intense small-scale wall-normal vortex cores as well as intermittent,
yet intense, sweeps and ejections. Therefore, while the large-scale LMR's and HMR's generated
by hairpin vortex packets reside in the low-order fields, the wall-normal vortices thought to be
slices through the legs/necks of the individual hairpins within a packet as well as the intense
ejections and sweeps generated locally by these structures reside in the residual (smaller scale)
fields. Despite these qualitative consistencies between the smooth and rough cases, there exist
subtle differences, particularly in the residual fields at y = 0.0656. Comparing the representative
instantaneous smooth-wall residual field in figure 98(b) to the instantaneous rough-wall residual
field in figure 99(b) reveals the presence of strong v' events in the rough-wall case, particularly
spatially-coincident with strong roughness protrusions as discussed in chapter 4. These differences
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Figure 95: One-dimensional profiles of PVLVL and p,vRR in the (a, b) wall-normal and (c, d) stream-
wise directions at y,,f = 0.153 for flow over the smooth and RF*i surfaces at Reo Z0 13000.
Smooth; A: RFI.
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Figure 96: POD energy distributions in the x - z plane at y = 0.0656 for flow over the smooth and
RF1 surfaces at Re 0  13000. (a) Fractional contribution of each POD mode to the total energy,
Ej; (b) Cumulative energy distribution. Smooth; A: RF1.
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Figure 97: POD energy distributions in the x - z plane at y = 0.156 for flow over the smooth and
RF1 surfaces at Re0 ; 13000. (a) Fractional contribution of each POD mode to the total energy.
Ej; (b) Cumulative energy distribution. : Smooth: A: RF1.
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Table 8: The fractional energy contribution of the first ten POD modes in x-z planes at y 0.0656
and 0.156 for flow over the smooth and RF1 surfaces at Re0 ; 13000.

Fractional Energy Fractional Energy
POD Mode at y = 0.0656 POD Mode at y = 0.156

n n
Smooth RF1 Smooth RF1

1 0.108 0.113 1 0.124 0.124
2 0.0933 0.0805 2 0.0947 0.0932

3 0.062 0.0601 3 0.0612 0.0574
4 0.0428 0.0387 4 0.0353 0.0345
5 0.0224 0.0241 5 0.0327 0.0312
6 0.0211 0.0221 6 0.0299 0.0305
7 0.0168 0.0202 7 0.0194 0.0193
8 0.0148 0.0167 8 0.0182 0.018
9 0.0143 0.0154 9 0.016 0.0179
10 0.0109 0.0133 10 0.0153 0.0161

diminish considerably with increasing distance from the wall as the instantaneous smooth- and
rough-wall fields at y = 0.156 show stronger quantitative consistency.

The contributions of the low-order and residual velocity fields to the mean Reynolds normal
and shear stresses at y = 0.0656 and y = 0.153 for flow over both the smooth and RF1 surfaces are
tabulated in table 9 for Re0 z 13000. Large-scale flow features are found to embody a significant
fraction of the streamwise Reynolds normal stress at both wall-normal locations, consistent with the
POD analysis in the streamwise-wall-normal plane. In contrast, a majority of the wall-normal and
spanwise Reynolds normal stresses is attributable to the smaller spatial scales, most significantly
in the case of (v 2 ). With regard to the Reynolds shear stress, large and small scales are found to
contribute relatively equally at y = 0.065 for both smooth- and rough-wall flow while the larger
scales become the dominant contributor in both flows to (u'V') + further away from the wall at
y = 0.156. This latter trend is again consistent with the smooth- and rough-wall POD analysis
performed in the streamwise-wall-normal plane.

The average spatial characteristics embodied in the low-order and residual velocity ensembles
are assessed via spatial correlations of velocity. Figures 102 and 103 present Puu computed from
the low-order and residual velocity ensembles in the x - z plane at y = 0.0656 for flow over the
smooth and RF1 surfaces, respectively, at Re0 g 13000. As should be expected, PuLuL embod-
ies statistical imprints consistent with the streamwise-elongated, spanwise-alternating LMR's and
HMR's noted in the instantaneous low-order velocity fields presented in figures 98(a) and Figure
99(a). In particular, it is the alternating occurrence of LMR's and HMR's in the spanwise direc-
tion that is responsible for the weaker, yet streamwise-elongated negative correlation regions in

PULUL. These spatial characteristics are quite consistent with the large-scale characteristics of puu
computed from the original velocity fields at y = 0.0656 (figure 54). In contrast, PuRuR is quite
compact in both streamwise and spanwise directions and regions of negative correlation surround
the positive correlation peak. This arrangement is consistent with the spatial characteristics of
small-scale wall-normal vortex cores in the x - z plane as well as intermittent Reynolds-stress-
producing events with opposing streamwise velocities. Similar spatial characteristics are noted in
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Figure 98: Representative instantaneous (a) low-order and (b) residual velocity fields in the x - z
plane at y = 0.0656 for flow over the smooth wall at Re0 = 11943 generated by projecting the
instantaneous fluctuating velocity field in figure 45(a) onto the first 20 POD modes. The in-plane
velocity components (u'+, wI+) are presented as vectors while the out-of-plane velocity component,
v'+ is presented as background contours. Not every vector is shown for clarity.
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Figure 99: Representative instantaneous (a) low-order and (b) residual velocity fields in the x - z
plane at y = 0.065b for flow over the RF1 surface at Re0 = 14781 generated by projecting the
instantaneous fluctuating velocity field in figure 47(a) onto the first 22 POD modes. The in-plane
velocity components (u'+, w'+) are presented as vectors while the out-of-plane velocity component
v'+ is presented as background contours. Not. every vector is shown for clarity.
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Figure 100: Representative instantaneous (a) low-order and (b) residual velocity fields in the x - z
plane at y = 0.156 for flow over the smooth wall at Ree = 11943 generated by projecting the
instantaneous fluctuating velocity field in figure 49(a) onto the first 15 POD modes. The in-plane
velocity components (u'+, w + ) are presented as vectors while the out-of-plane velocity component
V'+ is presented as background contours. Not every vector is shown for clarity.
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Figure 101: Representative instantaneous (a) low-order and (b) residual velocity fields in the x - z
plane at y = 0.156 for flow over the RF1 surface at Reo = 14781 generated by projecting the
instantaneous fluctuating velocity field in figure 51(a) onto the first 16 POD modes. The in-plane
velocity components (u'+, w'+) are presented as vectors while the out-of-plane velocity component
v'+ is presented as background contours. Not every vector is shown for clarity.
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Figure 102: Streamwise velocity correlation coefficients in the x - z plane at y = 0.0656 for flow

over the smooth wall at Re0 z 13000. (a) Pu,,L; (b) PURUR. Contour levels from -0.1 to 0.9 with

an interval of 0.2.
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Table 9: Contributions to the Reynolds normal and shear stresses computed from the low-order and
residual velocity ensembles for flow over the smooth and RF1 surfaces at y = 0.0656 and y = 0.156
for Re0 13000.

y = 0.0 6 56  y = 0.156
Reynolds stress Surface

Low-Model Residual Low-Model Residual
(u) +  Smooth 3.43 1.65 3.08 1.38

RF1 2.76 1.3 2.64 1.13
(v02)+ Smooth 0.12 1.05 0.17 1.15

RF1 0.13 1.04 0.21 1.28
(u/ )+  Smooth 0.51 1.38 0.59 1.29

RF1 0.53 1.11 0.61 1.03
(-u'v')+  Smooth 0.48 0.48 0.63 0.35

RF1 0.47 0.35 0.65 0.26

PULUL and PuRuR in the x - z plane at y = 0.156 (figures 104 and 105), although their spanwise
extents increase slightly compared to their counterparts at y = 0.0656. This spanwise scale growth
with increasing wall-normal position is well documented in wall-bounded turbulent flows (Tomkins
& Adrian, 2003).

Figure 106 presents one-dimensional profiles of PuLUL and PuRuR in the streamwise and spanwise
directions at y = 0.0656, facilitating comparison of the spatial extents of these correlations for the
smooth and RF1 cases at Reo 9  13000. The spanwise extents of PULuL and PuRuR are quite
consistent between the smooth and rough cases. This insensitivity is consistent with the similarity
in spanwise extents of puu computed from the original velocity fields for smooth- and rough-wall
flow (figure 55). However, the streamwise extent of PuzuL is reduced considerably in the presence of
roughness while the streamwise extent of PuRuR shows little sensitivity to roughness. Similar trends
are noted in the one-dimensional profiles of PULUL and PuRu, at y = 0.156 (figure 107), though
the reduction in streamwise extent of PULUL in the rough-wall case is weaker at this wall-normal
location indicating a decreased influence of roughness away from the surface.

Wall-normal velocity correlation coefficients PVLVL and PVRV for flow over the smooth and RF1
surfaces at Reo --: 13000 at y = 0.0656 and y = 0.156 are presented in figures 108-111. All PVLVL
cases are elongated in the streamwise direction and flanked by weaker negative correlation regions in
the spanwise direction. These patterns are entirely consistent with the spanwise-alternating large-
scale regions of ejections and sweeps noted in the instantaneous low-order velocity fields in the
x - z plane at both wall-normal locations. In contrast, PVRvR is quite compact spatially, indicative
of the strong influence of small-scale flow features on the wall-normal velocity fluctuations. The
spatial extents of PVLVL and PVRVR are compared via one-dimensional profiles in figures 112 and
113 at y = 0.0656 and 0.156, respectively. Consistent with PULUL and PURUR at y = 0.0656, the
spanwise extents of PvLvL and PvRv, are insensitive to roughness as the smooth and rough cases
collapse well. Similar collapse of PVLVL and PVRVR in the spanwise direction is noted at y = 0.156.
However, the streamwise extent of PVLVL is reduced significantly in the presence of roughness at
y = 0.0656 while the streamwise extent of PVRVR shows little sensitivity to roughness. Further from
the wall at y = 0.156, both PvLvL and P,V, appear insensitive to roughness effects as the smooth-
and rough-wall profiles collapse in all cases.

Finally, spanwise velocity correlation coefficients PWLWL and PW, RWR at y = 0.0656 are presented
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Figure 104: St.reaniwise velocity correlation coefficients in the x - z plane at y =0.156 for flow
over the smooth wall at Reo P 13000. (a) PULULL; (b) PRU*Contour levels from -0.1 to 0.9 with
an interval of 0.2.

145



(a)

-0.6

-0,4

-- 0.-------------------------------------------

-0.2 0.1 - - - - - - - - - - -

0.3

0 0 >. rQZ

012 - - 1 -- -- - - --- - - - 0.1 -

0.4-

--------------------------------------- 0.1--------------
0.6

-0.75 -0.5 -0.25 0 0.25 0.5 0.75

AX /

_0.6

-0.4 -

-02 2

0

0.4

-0.75 -0.5 -0.25 0 0.25 0.5 0.75
AX / 8

Figure 105: Streamnwise velocity correlation coefficients in the x - z plane at y =0.156 for flow
over the RF1 surface at Reo0  13000. (a) p,,,,,,; (b) PUU.Contour levels from -0.1 to 0.9 with
an interval of 0.2.
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Figure 109: Wall-normal velocity correlation coefficients in the x - z plane at y 0.0656 for flow
over the RF1 surface at Reg 8  13000. (a) PV,L; (b) PVR" Contour levels from -0.3 to 0.9 with an
interval of 0.2 in (a) and from 0.1 to 0.9 with an interval of 0.2 in (b).
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Figure 110: Wall-normnal velocity correlation coefficients in the x - z plane at y =0.156 for flow
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151



(a)

-O, 6

-------- 0.1 -.

-0.407

0 --------- 0

0 .2 - -- - - -- --- --- --- - -- - -- - -

_41------------------

-0.75~ -0---.25 0-.2 -0. 0

0 4

-0.23

0.2-03- - - - - - - -Oi

0.4

0.6 - I I .
-0.75 405 -0.25 0 0.25 0.5 0.75

0152



Low-order Residual(a) (b)

0.8 .
0.8 .

0.6
0.6

0.40

0.2 0.4 "

0 . ,,, 0.2

-f . ;, .", V .... ,/tk."WN '
-0 2

-0.4 -
- i .. . I , .

-0.5 -0.25 0 0.25 0.5 -"-05 -0.25 0 025 0.5
AzI Az/8

(c) (d)

08 / 0.8

0.6 - 0.6

0.4 - 0.4

0.2 .. - " " ::" 0.2 .

0 '07- ' ' ... -0 .2 1' . ' . 25 ,4.'
-0.5 02 0 0 0.5 0.75 -0.5 -0.25 0 0.25 0.5

A1x/b/
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in figures 114 and 115 for flow over the smooth and RF1 surfaces, respectively, at Re0 Z 13000. The
correlation PwLWL is slightly elongated in the streamwise direction for both smooth- and rough-wall
flow, particularly closer to the wall at y = 0.0656. In addition, a tendency toward isotropy is noted
in PWLwL for both smooth- and rough-wall flow at y = 0.153. On the other hand, PWRU)R is quite
compact and relatively isotropic in spatial character at both wall-normal locations. As presented
in Figure 118, one-dimensional profiles of PWLWL and PWRwR in the spanwise direction show little
sensitivity to roughness at both wall-normal locations as the smooth- and rough-wall profiles col-
lapse well. In contrast, the streamwise extent of PWLWL is reduced in the presence of roughness,
consistent with the reductions in streamwise extent of PULUL and PVLVL. Consistent with the stream-
wise extents of Pu,u, and PVRVRI the streamwise extents of PWRU,R appear relatively insensitive to
roughness at both wall-normal locations. Finally, the rough-wall PWLWL in the streamwise direction
at y = 0.156 falls below zero and then rises above zero to achieve a secondary positive correlation
peak. This pattern is consistent with the imprint of spanwise meandering of the large-scale motions
in the logarithmic region of the flow. The absence of this behavior in the smooth-wall case may be
indicative of an enhanced spanwise meandering of these large-scale motions in the presence of the
RF1 surface.

6.5 Conditional averaging

Conditional averaging is a powerful analysis technique in turbulence because it allows one to extract
specific features of the flow given a certain event of interest. For example, one can specify a threshold
on the magnitude of a Q2 event and assess the average velocity field or swirling strength field
associated with this event. In this regard, conditional averaging represents a robust methodology
for reducing the complexity of turbulent flows as a means of identifying the most influential features
of the flow.

As was seen in the instantaneous velocity realizations presented in figures 45-52, vortical struc-
tures bounding LMR's and HMR's play a pivotal role in the generation of turbulent stresses,
particularly Reynolds shear stress which is intimately tied to the production of turbulence via a
coupling between the mean and turbulent kinetic energy equations. Conditional averaging is there-
fore employed herein to study the average characteristics of velocity and swirling strength events
that dominate the generation of Reynolds shear stress via Q2 (u' < 0, v' > 0; ejection) and Q4
(ul > 0, v' < 0; sweep) motions. Of particular interest is documenting any modifications of these
processes in the presence of the RF1 surface.

Conditional averaging is performed both in the streamwise-spanwise planes at y = 0.0656 and
y = 0.156 as well as the streamwise-wall-normal for flow over the smooth and RF1 surfaces at
Re0 z 13000. The analysis presented herein is limited to studying the strongest Q2 and Q4 events,
so a threshold of lu'(x, y, z)v'(x, y, z)IQ ? 4au(y)av(y) is imposed where Q distinguishes between
Q2 and Q4 events based on the signs of u' and v' (u' < 0, v' > 0 for Q2 events and u' > 0, v' < 0
for Q4 events). Note that au and or, are computed by ensemble-averaging as well as area-averaging
each velocity ensemble in the x - z planes. For analysis in the x - y plane, these RMS velocities
are computed by ensemble- and line-averaging the fields within each ensemble.

With respect to conditional averaging in x - z planes, each instantaneous velocity realization
within an ensemble for a given flow condition is searched for the strongest Q2 and Q4 events that
satisfy the threshold. The spatial location where an event satisfying the threshold occurs is referred
to as the event location. A subregion of the quantity of interest, a (velocity or swirling strength),
centered about the event location is then extracted and this region in the instantaneous field is
subsequently masked. Masking ensures that this region will not be searched again so that all
samples to the conditional average will be statistically independent. This process continues until
no further Q2 or Q4 events larger than the threshold are detected in an ensemble. This procedure

155



(a)

-06

-0.

-0.4 .. . -

-0.2

I -3

0.2 -.

0.4 - L. "

- - --- - - -

0.6 L
-0.75 -0.5 -0.25 0 0.25 0.5 0.75

Ax/8

(b)

_0.6 T ' I ' ' ' ' I . . ' ' f l

-0.4

-0.2

02

0.4

0.6 I I 3I
-075 -0.5 -0.25 0 0.25 0.5 0.75

Ax/8

Figure 114: Spanwise velocity correlation coefficients in the x - z plane at y = 0.0656 for flow over
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Figure 115: Spanwise velocity correlation coefficients in the x - z plane at y = 0.0656 for flow over
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Figure 116: Spanwise velocity correlation coefficients in the x - z plane at y = 0.156 for flow over
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Figure 117: Spanwise velocity correlation coefficients in the x - z plane at y = 0.156 for flow over
the RF1 surface at Re0 ,- 13000. (a) PWL,wL; (b) PwRWR. Contour levels are -0.05, 0.1, 0.3, 0.5, 0.7,
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generates N samples for inclusion in the conditional average which can be expressed as

KOl Iu'(x, z; y)v'(, z; y)IQ _ 4a.(y)u(y) )(Ax, Az; Y) = E aj(Ax + x, Az + z;y

where Ax and Az are spatial separations in the strearnwise and spanwise directions relative to the
event location (x,o, z; y) at which the threshold is met and aj is the quantity of interest over a

subregion associated with the jth identified event location. In a similar manner, the conditional
average of a quantity of interest, a can be expressed as

K Yru'(e,y, f)v(x, ) 4ou(yef)a,(y.f) )(AX, A Yref) = N : a,(Ax + x0 , Ay + Yref; Yref
j=l

(60)
where Yref represents the wall-normal location of the identified events and Ay is the wall-normal
distance relative to the event location (xo, yref).

6.5.1 Q2 events

Figure 120 presents the conditionally-averaged fluctuating velocity fields associated with intense
Q2 events (ejections of low-speed fluid away from the wall) for flow over the smooth and RF1
surfaces in the x - z planes at y = 0.0656 and y = 0.156 for Re9 ;zz 13000. Instantaneous evidence
(figures 45-52) indicates that intense ejections occur within streamwise-elongated LMR's in the x - z
plane at both y = 0.0656 and 0.156 for smooth- and rough-wall flows. These conditionally-averaged
fluctuating velocity fields confirm this inference as they are marked by intense regions of streamwise
momentum deficit (spatial imprints of LMR's). Strong positive wall-normal velocity fluctuations are
also observed locally around the event location and spatially-coincident with the LMR footprint.
It is the combined effect of u' < 0 and v' > 0 at the event location that is responsible for the
intense Q2 event identified by the detection procedure. Interestingly, these conditionally-averaged
velocity fields both within and at the outer edge of the roughness sublayer show strong qualitative
consistency between the smooth- and rough-wall flows. Further, these fields support the notion that
the intermittency of occurrence of intense Q2 events is attributable to the small-scale, intermittent
character of the wall-normal velocity fluctuations (supported by the spatially-compact character of
Pvv). However, it should be noted that the contours of v' in figure 120 indicate a larger-scale, albeit
weaker, region of v' spatially-coincident with the LMR. This weaker, larger-scale feature in v' is
interpreted as the collectively-induced ejections of multiple vortices in hairpin vortex packets while
the intense, smaller-scale region of v' centered at the event location is more likely attributable to
the intense ejection generated locally around the individual vortices. Further, the spanwise extent
of these Q2 events increases slightly with wall-normal position in both smooth- and rough-wall flow.

Line contours are included in each plot within figure 120 illustrating the conditionally-averaged
swirling-strength field associated with an intense Q2 event. These swirling-strength fields indicate
that intense Q2 events are bounded in the spanwise direction by counter-rotating wall-normal
vortex cores in both smooth- and rough-wall flow at y = 0.0656 and 0.156. This pattern is quite
consistent with the notion that hairpin-like structures are primarily responsible for the generation
of these intense, intermittent ejections of low-speed fluid away form the wall. Interestingly, the
fluctuating velocity fields do not display swirling motions spatially-coincident with the Aci contours.
However, the absence of these swirling patterns in the velocity fields is directly attributable to the
fact that these wall-normal vortices do not advect with the mean velocity at this wall-normal
location. Removal of an alternate (slower) advection velocity from these velocity fields (not shown
for brevity) does indeed reveal counter-rotating swirling patterns in the velocity fields that are
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Figure 120: Conditional ly-averaged fluctuating velocity fields given an intense Q2 event in the x - z
plane at (a, b) y = 0.0656 and (c, d) y = 0.15J at lReo z 13000 for flow over the smooth anid RFI
surfaces, respectively. The strearnwise and spanwise velocity components, u and w, are shown as
vectors and the wall-normal velocity component, v, is shown by gray-scale contours. Line contours
are also overlaid illustrating the associated conditionally-averaged swirling strength field given an
intense Q2 event (dashed lines represent negative contour levels).
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spatially-coincident with the patches of Ad. Finally, while the conditionally-averaged A,i fields
indicate the presence of equal strength, counter-rotating pairs bounding the Q2 events in the
spanwise direction (a pattern consistent with slicing through symmetric hairpin structures), this
arrangement is simply an artifact of the averaging process utilized to achieve these conditional
fields. In reality, as noted earlier, most wall-normal vortices bounding LMR's and HMR's occur
in isolation rather than in counter-rotating pairs (Tomkins & Adrian, 2003; Ganapathisubramani
et al., 2003), indicating that asymmetric hairpin-like structures are likely to occur more frequently
than idealized symmetric vortices (This example serves as an excellent lesson as to the care that
must be taken when interpreting patterns observed in conditionally-averaged fields in the context
of instantaneous behavior!). Nevertheless, these x - z-plane fields illustrate strong consistency
between the smooth- and rough-wall flows with regard to the structural attributes responsible for
the generation of intense Q2 events at y = 0.0653 and 0.155.

Conditional averages of the fluctuating velocity field and swirling-strength field based on an
intense Q2 event are also computed in the x - y plane at Yref = 0.155 for flow over the smooth
and RF1 surfaces at Re0 -z 13000 (x - y plane velocity data is not available at y = 0.0656 for the
RF1 case so conditional averages in this plane are not presented for this wall-normal location). A
threshold of lu'(x, Yref)V'(X, Yref)IQ > 4 au(Yref)uOv(Yref) is employed, consistent with that used in the
x - z plane analysis. The results of this analysis are presented in figure 121 where, as expected,
intense ejections of low-speed fluid away from the wall are noted near the event location. The
associated conditionally-averaged Ad fields are overlaid on the conditionally-averaged fluctuating
velocity fields and a strong negative region of Ad is observed downstream and above the Q2 event
location. This region of prograde Ad is interpreted as the imprint of a hairpin vortex head which,
coupled with the neck and leg(s) of the hairpin, induces the strong Q2 event at the event location.
This pattern is noted in both the smooth- and rough-wall conditional averages at y = 0.156 and,
coupled with the patterns noted in the x - z plane at y = 0.156, provide strong support for
the proposition that hairpin-like structures drive the generation of Q2 events in the smooth- and
rough-wall flows under consideration herein.

6.5.2 Q4 events

Figure 122 presents the conditionally-averaged fluctuating velocity fields given an intense Q4 event
in the x - z plane at y = 0.0653 and y = 0.153 for flow over the smooth and RF1 surfaces at
Re0 ; 13000. A streamwise-elongated region of high-momentum fluid is noted and interpreted as
the spatial imprint of HMR's. An intense, yet compact region of negative v' is noted at the event
location which, coupled with the HMR behavior, is responsible for the intense Q4 event at the event
location. Consistent with the conditionally-averaged fluctuating velocity fields given an intense Q2
event, these fields display a weak, but large-scale region of non-zero (negative here) v' interpreted
as collectively-induced, large-scale sweep motions outboard of hairpin vortex packets. Overlaid on
these velocity fields are the associated conditionally-averaged Ad fields given an intense Q4 event
and counter-rotating wall-normal vortex cores are found to bound the Q4 event in the spanwise
direction. As noted earlier, this symmetry is simply an artifact of the averaging performed to
generate these fields. Nevertheless, these patterns indicate that intense sweep motions likely occur
outboard of individual hairpin-like vortices, consistent with the rotational sense of the hairpin
legs/neck.

Finally, figure 123 presents the conditionally-averaged fluctuating velocity fields and swirling-
strength fields in the x - y plane given an intense Q4 event at Yref = 0.156 for flow over the smooth
and RF1 surfaces at Re0 z 13000. As expected, intense sweeps of high-speed fluid toward the wall
are noted in the velocity fields for both smooth- and rough-wall flow. The conditionally-averaged
A,i fields indicate the presence of prograde Ad upstream and below the imposed Q4 event and this
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Figure 121: Conditionally-averaged fluctuating velocity fields given an intense Q2 event in the x - y
plane at Reo z 13000 for flow over the (a) smooth and (b) RF1 surfaces at y = 0.156. Line contours
are overlaid in each plot illustrating the associated conditionally-averaged swirling strength field
given an intense Q2 event (dashed lines represent negative contour levels).

pattern is interpreted as a slice through the head of a hairpin vortex whose induction generates
an intense Q4 event downstream and above its core. This behavior is entirely consistent with the
clockwise rotation of prograde spanwise vortices and, coupled with the evidence presented in the
x - z plane at y = 0.156, supports the contention that hairpin-like structures are the primary
generator of Reynolds shear stress via Q4 (sweep) events.

6.6 Summary

The results presented in this chapter highlight both strong similarities and important differences
between the spatial structure of flow over the smooth and RF1 surfaces at Re0 ; 13000. Instan-
taneous velocity realizations in both the x - y and x - z planes for smooth- and rough-wall flow
indicate that large-scale LMR's and HMR's exist in both flows and that these large-scale features
generate a vast majority of the turbulent shear stress. In addition, both of these large-scale features
are interpreted to be the by-product of hairpin vortex packets, indicating that such structures exist
in both the smooth- and rough-wall flows.

Despite the qualitative consistencies noted in the instantaneous realizations of smooth- and
rough-wall flow, spatial correlations of velocity in the x - y and x - z planes highlight quantitative
differences in the spatial character of these flows. In particular, the large-scale streamwise extent
of two-point streamwise velocity correlation coefficients, Puu, is reduced in the presence of the RF1
surface, most notably at y = 0.0656 which is well within the roughness sublayer. In contrast, the
streamwise extents of p,, and p,vw appear relatively unaffected by roughness as are the spanwise
extents of all three velocity correlation coefficients. Previous studies have highlighted the imprints of
hairpin vortex packets on the two-point velocity correlations, particularly the consistency between
the long streamwise extent of p.. and the streamwise length scales of hairpin packets. As such, the

165



(a) Vf+  (b) VP+  - E
-3 -2.6-2.2 -1.8 -1.4 -I -0.6 -0.2 -3 -2.6-2.2 -1.8 -A4 -1 -0.6-0.2

.5/0 .-500-

-250 -250C

-500 -250 0 250 500 -500 -250 0 250 500
Ax Ax'

(c) ' +  ir] (d) +
-3 -2.6-2.2 -. 8-I.4 -I -0.6-0.2 -3 -2.6-2.2 -. 8-1.4 -I -06 -02

-500 -O

250 -250

-500 -20. 250 500 -500 -250 0 250 500

Ax' AXplan at ( , b) yV (d 0. 63 an+c ) y 0 1 6 a e 3 0 f r fo v r t e s o t n F
-50 -2- -.- c -. -50 .. "

-500 -250 0 250 500 -500 -250 0 250 500
Ax* Ax +

Figure 122: Conditionally-averaged fluctuating velocity fields given an intense Q4 event in the x - z
plane at (a, b) y = 0.0656 and (c, d) y = 0.156 at Reo ;z: 13000 for flow over the smooth and RFP
surfaces, respectively. The streamwise and spanwise velocity components, u and w, are shown as
vectors and the wall-normal velocity component, v, is shown by gray-scale contours. Line contours
are also overlaid illustrating the conditionally-averaged swirling strength field given an intense Q4
event (dashed lines represent negative contour levels).

166



(a) (b)

300 -200 - -O020 : 300 ------

200 a -0 f v 200 1 e =1 n .

+ , ----------- N N N N

N 0 -----.------ .N ~ *- N N

-- -- - - - _ _ :Z Z - -N- -

--- z : -- -- -- ----
-200 -200

Q -30---

-300 -200 -100 0+ 100 200 300 -300 -200 -100 0+ 100 200 300
AX A

Figure 123: Conditionally-averaged fluctuating velocity fields given an intense Q4 event in the x- y
plane at Reo 0  13000 for flow over the (a) smooth and (b) RF1 surfaces at y = 0.156. Line contours-
are overlaid in each plot illustrating the associated conditionally-averaged swirling strength field
given an intense Q4 event (dashed lines represent negative contour levels).

reduction in the streamwise extent of Pi,u in the presence of the RF1 surface may be indicative of
a roughness-induced modification of the streamwise extent of hairpin packets. Such a modification
may manifest itself as a reduction in the streamwise spacing of consecutive vortices in a packet,
a suppression of the vortex regeneration mechanism thought to be the impetus behind outer-layer
vortex organization and/or an alteration of the spanwise meandering of the large-scale motions in
the log layer. Interestingly, while the streamwise extent of Puu is altered by roughness, its inclination
angle is not.

Decomposition of the velocity ensembles into large- and small-scale ensembles via POD reveals
that the largest spatial scales tend to be most sensitive to roughness effects. Indeed, two-point
correlation coefficients of the large-scale velocity fields indicate that the large-scale features of all
three velocity components are reduced in streamwise extent in the presence of the RF1 surface.
In contrast, the spanwise extents of these large-scale correlations are unchanged in the presence of
roughness. Further, similar correlations of the small-scale velocity fields indicate strong insensitivity
to rough-wall effects. Nevertheless, the contributions of the large- and small-scale features of the
flow to the turbulent stresses are found to be similar irrespective of surface condition.

Finally, conditional averages of swirling strength and fluctuating velocity fields in the x - z and
x - y planes given strong Q2 and Q4 events reveal spatial signatures consistent with hairpin-like
structures in both smooth- and rough-wall flow. This evidence indicates that hairpin vortices, and
their organization into larger-scale packets, represent the primary generation mechanism for Q2
and Q4 events for flow over the smooth and RF1 surface considered herein.
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7 Summary

7.1 Principal conclusions

The present research centered on experimentally investigating the turbulent flow over highly ir-
regular roughness replicated from a turbine blade damaged by deposition of foreign materials. Of
particular interest was understanding how the flow over this surface might behave compared to
many past studies of flow over more idealized roughness topographies. Understanding these sim-
ilarities and differences is important since most roughness topographies encountered in practical
flows of interest are non-ideal and more akin to the highly-irregular roughness considered herein.

The present results provide detailed evidence that the outer-layer flow over the turbine-blade
roughness considered herein is similar to that of smooth-wall flow when the turbulence statistics
are scaled appropriately by the friction velocity. This similarity is entirely in accordance with
Townsend's wall-similarity hypothesis which presumes that roughness sets the wall shear stress and
the boundary layer thickness and the outer-layer turbulence adjusts itself to these conditions in a
universal manner. The similarity noted in this study extends from the mean velocity profiles in
deficit scaling, to the single-point turbulence statistics (including pdf's and quadrant analysis of
the instantaneous Reynolds-stress-producing events) as well as to two-point correlations of velocity
far from the rough surface. This latter similarity between smooth- and rough-wall flow is important
because it hints at similarity in the spatial structure of smooth- and rough-wall flow. Finally, this
similarity is quite crucial from a turbulence modeling and control standpoint, since the development
of models and control strategies rely heavily on testing and simulations in smooth-wall turbulence.
As such, this similarity indicates that such methods developed in smooth-wall test-beds may be
appropriate for use in more practical flow systems affected by (highly irregular) roughness.

Measurements were also performed in streamwise-spanwise planes located at y = 0.0656 and
y = 0.156 in flows over the smooth and RF1 surfaces. For the rough-wall cases, the first wall-
parallel measurement plane is well within the roughness sublayer while the second resides at the
outer edge of the roughness sublayer. The measurements at y = 0.0656 show that strong roughness
protrusions into the flow generate strong heterogeneities in the turbulence, although these effects
only exist locally around these surface defects. In particular, no discernable wake signatures are
noted downstream of these roughness protrusions, further supporting the notion that they do not
significantly impact the global character of the flow. However, analysis of the y = 0.156 data
reveals that these turbulence heterogeneities do not extend far from the wall as the turbulence
appears relatively homogeneous at this wall-normal location. Measurements at lower Re indicate
that these turbulence heterogeneities are more intense at higher Re, supporting the notion that
the wall-normal extent of the roughness sublayer is Reynolds-number dependent. Further, these
results suggest that since the turbulence is generally only modified in the immediate vicinity of the
roughness, these modifications likely only play a pivotal role in terms of contributing the local skin
friction.

Finally, significant effort was spent on understanding the similarities and differences in the
spatial structure of the smooth- and rough-wall flows considered herein. Instantaneous velocity
realizations in both the x - y and x - z planes for smooth- and rough-wall flow indicate that large-
scale low- and high-momentum regions (LMR's and HMR's) exist in both flows and that these
large-scale features generate a vast majority of the turbulent shear stress. In addition, both of
these large-scale features are interpreted to be the by-product of hairpin vortex packets, indicating
that such structures exist in both the smooth- and rough-wall flows. However, despite the qualita-
tive consistencies noted in these instantaneous realizations, spatial correlations of velocity highlight
quantitative differences in the spatial character of the smooth- and rough-wall flows. In particular,
the large-scale streamwise extent of two-point streamwise velocity correlation coefficients, p,,, is

168



reduced in the presence of the RF1 surface, most notably at y = 0.0656 which is well within the
roughness sublayer. In contrast, the streamwise extents of Pvv and p,w appear relatively unaffected
by roughness as are the spanwise extents of all three velocity correlation coefficients. Previous stud-
ies have highlighted the imprints of hairpin vortex packets on the two-point velocity correlations,
particularly the consistency between the long strearnwise extent of Puu and the streamwise length
scales of hairpin packets. As such, the reduction in the streamwise extent of Puu in the presence
of the RF1 surface may be indicative of a roughness-induced modification of the streamwise extent
of hairpin packets. Interestingly, while the streamwise extent of Puu is altered by roughness, its
inclination angle is not.

Decomposition of the velocity ensembles into large- and small-scale ensembles via POD reveals
that the largest spatial scales tend to be most sensitive to roughness effects. Indeed, two-point
correlation coefficients of the large-scale velocity fields indicate that the large-scale features of all
three velocity components are reduced in streamwise extent in the presence of the RF1 surface.
In contrast, the spanwise extents of these large-scale correlations are unchanged in the presence of
roughness. Further, similar correlations of the small-scale velocity fields indicate strong insensitivity
to rough-wall effects. Nevertheless, the contributions of the large- and small-scale features of the
flow to the turbulent stresses are found to be similar irrespective of surface condition. From a
modeling standpoint, similarity in smaller-scale structure may provide an indication that smooth-
wall LES models could be sufficient for capturing small-scale contributions in rough-wall flows.
Finally, conditional averages of swirling strength and fluctuating velocity fields in the x - z and
x - y planes given strong Q2 and Q4 events reveal spatial signatures consistent with hairpin-like
structures in both smooth- and rough-wall flow. This evidence indicates that hairpin vortices, and
their organization into larger-scale packets, represent the primary generation mechanism for Q2
and Q4 events for flow over the smooth and RF1 surface considered herein.

7.2 Next steps

With respect to the flow in the immediate vicinity of the roughness, our results indicate that the
large-scale roughness elements play an important role in enhancing turbulence in the roughness
sublayer which in turn contributes to an enhancement of the drag. In this regard, the implication
for rough-wall turbulence modeling and control is that the smaller-scale roughness features in an
irregular topography only contribute in a secondary fashion. Therefore, it may be possible to
develop low-order models of highly irregular roughness that only retain the large-scale surface
defects but still generate the same turbulence modifications within and outside the roughness
sublayer (In the latter case, shortening of the streamwise length scales of the larger-scale structures,
for example). Such low-order models would make large-scale computations over these types of
surfaces possible by removing the requirement of complex gridding near surfaces with both large-
and small-scale topographical characteristics. The development of such models is the focus of an
AFOSR YIP award made to the PI in 2007 and this effort is well underway in the PI's lab.

Another issue not tackled in the present effort is the impact of roughness on the longest scales of
motion. Previous studies have shown scales with streamwise extents on the order of 5- 156 to exist
in smooth-wall turbulent flows, including pipes (Kim & Adrian, 1999; Guala et al., 2006), channels
(Balakumar & Adrian, 2007) and boundary layers (Balakumar & Adrian, 2007; Hutchins & Maru-
sic, 2007). These studies indicate that such motions consist of streamwise-elongated low-momentum
regions that meander in the spanwise direction. Kim & Adrian (1999) was the first to propose the
possibility that individual hairpin vortex packets may align coherently in some manner to form these
very-large-scale motions (VLSM's) that are most prevalent in the near-wall and logarithmic regions
of the flow. One possibility in the present context is that roughness may alter the characteristics of
these VLSM's, including their streamwise extent as well as the degree to which they meander in the
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spanwise direction. Both of these possible modifications of VLSM's could contribute to the stream-
wise shortening of the large-scale motions observed in section 6, although a fundamental alteration
of the vortex regeneration cycle thought to facilitate packet organization could also account for this
shortening. We have performed preliminary measurements in a streamwise-spanwise measurement
plane over the RF1 surface at y = 0.0656 for Reo z 13000 using time-resolved 2D PIV with an
acquisition rate of 1 kHz. This system was graciously loaned to us by TSI, Inc. for evaluation
purposes. While the aforementioned studies regarding VLSM's employed hot-wire anemometry to
study very large spatial scales from single-point velocity measurements (and in some cases multiple
(10) points simultaneously with multiple hot-wire probes), time-resolved PIV allows one to measure
velocities at many points in the 2D measurement plane (-,. 5000 - 10000) instantaneously but at a
high repetition rate. The long scales in the streamwise direction can then be reconstructed using
Taylor's hypothesis (just as with hot wires) but at many spatial locations simultaneously. One
would have to employ 0(100) or more hot-wire probes simultaneously to achieve the data yield we
have achieved by employing Taylor's hypothesis in concert with time-resolved PIV velocity fields
(the latter is also devoid of the significant cost associated with calibrating this many hot-wire
probes). Our preliminary data reveals the existence of extremely long low-momentum regions for
flow over the RF1 surface that extend beyond 86 in the streamwise direction. Interestingly, these
VLSM's meander quite appreciably in the spanwise direction, consistent with the work of Hutchins
& Marusic (2007) who observed similar low-momentum features in smooth-wall turbulence from
velocity data acquired with a rake of 10 hot-wire sensors spaced in the spanwise direction at 0.16 in
conjunction with reconstruction of streamwise spatial scales via Taylor's hypothesis. For reference,
our time-resolved PIV results have a velocity grid spacing in the streamwise and spanwise directions
of 0.026 compared to the 0.16 resolution of Hutchins & Marusic (2007). As such, this comparison
serves as an excellent example of the obvious advantages of this unique application of time-resolved
PIV compared to conventional high-frequency single-point probes (or rakes of single-point probes).
In any case, the existence of these VLSM's in the presence of the RF1 surface indicates that such
motions are an important characteristic of rough-wall flows as well. We are presently analyzing this
data further to determine whether roughness alters the spanwise meandering of these motions. It
should be noted that the use of time-resolved PIV is key to facilitating the study of spatial motions
of this scale as they are certainly not accessible with standard PIV techniques.

Finally, given the wide parameter space associated with rough-wall turbulence, including el-
ement size, geometry, aspect ratio, distribution, roughness Reynolds number, and the ratio of
boundary layer thickness to roughness height, further studies are needed to develop more quanti-
tative and accurate thresholds for the validity of wall similarity. It is certainly advantageous to
hypothesize that the turbulence in rough-wall flow is similar to the smooth-wall case outside of
a thin layer where the specific details of the rough surface exert their influence (as was observed
for the practical surface considered herein). The wide-spread applicability of such a hypothesis
for rough-wall flows that satisfy certain quantifiable characteristics would greatly simplify model-
ing and control of outer-layer physics which becomes increasingly dominant with Re. The trouble
is that these certain quantifiable characteristics have still yet to be sufficiently characterized. As
noted earlier, there is still debate as to whether the geometric scale of the roughness (k) is more/less
important in this regard that the equivalent sand grain height (k,). Measurements over practical
roughness topographies garnered from other applications beyond turbine blades would be instruc-
tive in this regard. In addition, revisiting some of the seminal experiments of Schlichting (1979)
in which he carefully considered the impact of different geometries and spatial patterns of discrete
roughness elements in the skin friction would be quite instructive as well. The substantially better
experimental facilities and methods we have at our disposal nowadays would allow our community
to revisit such effects with greater accuracy and detail in the context of outer-layer similarity as well
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as the dependence of the detailed physics in the roughness sublayer on these roughness parameters.
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8 Publications and presentations associated with this funding

8.1 Journal articles

" Wu, Y. and Christensen, K. T. 2008. Structural Characteristics of Flow over a Practical
Rough-Wall Topography. J. Fluid Mech., to be submitted.

" Wu, Y. and Christensen, K. T. 2008. Turbulence Modifications in the Roughness Sublayer of
Flow over Irregular Roughness. AIAA J., to be submitted.

* Bons, J. and Christensen, K. T. 2008. A Comparison of Drag and Heat Transfer for Real vs.
Simulated Surface Roughness Characterizations. AIAA J. Prop. Power, submitted.

" Wu, Y. and Christensen, K. T. 2007. Outer-Layer Similarity in the Presence of a Practical
Rough-Wall Topography. Phys. Fluids 19 (8), 085108.

" Natrajan, V. K., Wu, Y. and Christensen, K. T. 2007. Spatial Signatures of Retrograde
Spanwise Vortices in Wall Turbulence. J. Fluid Mech. 574, 155-167.

* Wu, Y. and Christensen, K. T. 2006. Reynolds-Stress Enhancement Associated with a Short
Fetch of Roughness in Wall Turbulence. AIAA J. 44 (12), 3098-3106.

" Wu, Y. and Christensen, K. T. 2006. Population Trends of Spanwise Vortices in Wall Tur-

bulence. J. Fluid Mech. 568, 55-76.

8.2 Conference proceedings

" Wu, Y. and Christensen, K. T. 2008. Structural Characteristics of Flow Over a Highly-
Irregular Surface Topography. 46th AIAA Aerospace Sciences Meeting, AIAA Paper 2008-
0648.

" Wu, Y. and Christensen, K. T. 2007. Turbulence Modifications in the Roughness Sublayer
of Flow over a Highly-Irregular Surface Topology. 37th AIAA Fluid Dynamics Conference,
AIAA Paper 2007-3995.

" Bons, J. and Christensen, K. T. 2007. Review of Surface Roughness Characterizations: Real
versus Simulated Roughness Models. 37th AIAA Fluid Dynamics Conference, AIAA Paper
2007-3997 (invited).

" Wu, Y. and Christensen, K. T. 2007. The Validity of Outer-Layer Similarity in the Presence
of Highly-Irregular Surface Roughness. 45th AIAA Aerospace Sciences Meeting, AIAA Paper
2007-0528.

" Wu, Y., Natrajan, V. K. and Christensen, K. T. 2006. Reynolds-Stress Enhancement Asso-
ciated with a Short Fetch of Roughness in Wall Turbulence. 44th AIAA Aerospace Sciences
Meeting, AIAA Paper 2006-1117.

8.3 Invited presentations

* "Measurements of Flow over Irregular Roughness," 5th International Workshop on Wall-
Bounded Turbulent Flows, Baltimore, 2008.
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" "Educing Coherent Structures and Their Impact from Planar Velocimetry Measurements
in Laboratory Boundary Layers," American Geophysical Union (AGU) Fall Meeting, San
Francisco, CA, 2007.

" "The Character of Turbulence over Smooth and Highly-Irregular Rough Walls," Department
of Aerospace Engineering and Mechanics, University of Minnesota, 2007.

" "Statistical and Structural Features of Turbulence in the Presence of Smooth and Highly-
Irregular Rough Walls," Department of Mechanical, Materials and Aerospace Engineering,
Illinois Institute of Technology, 2006.

* "Statistical and Structural Features of Turbulence in the Presence of Smooth and Highly-
Irregular Rough Walls," Department of Mechanical and Aerospace Engineering, Arizona State
University, 2006.

* "Population Trends of Spanwise Vortices in Wall Turbulence," 3rd International Workshop
on Wall-Bounded Turbulent Flows, Chicago, 2005.

9 Honors and awards attained during funding period

9.1 PI

* Promoted to Associate Professor with indefinite tenure (Aug. 2007)

" NSF CAREER Award (2007)

" AFOSR Young Investigator Award (2006)

" Invited participant: Symposium on Fluid Science and Turbulence (2008)

" Invited participant: 3rd, 4th and 5th International Workshops on Wall-Bounded Turbulent
Flows (2005, 2006, 2008)

* Invited Member: Scientific Advisory Committee, International Symposium on Applications
of Laser Techniques to Fluid Mechanics (2007-date)

" Member: AIAA Fluid Dynamics Technical Committee (2007-date)

" Invited Member: AIAA Roughness Study Group (2006-date)

9.2 Graduate student

" Appointed Assistant Professor in Mechanical Engineering Dept., Wright State University
(beginning Aug. 2008)

" Numerous travel grants from Graduate College, UIUC (2005-2008)
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